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VOLUME  V 

STRUCTURAL  STEEL  DESIGN 


INTRODUCTION 


5-1  Purpose 

The  purpose  of  this  six  volume  manual  is  to  present  methods  ^f  design  for  pro¬ 
tective  construction  used  in  facilities  for  development,  testing,  production, 
maintenance,  modification,  inspection,  disposal  and  storage  of  explosive 
materials. 

5-2  Objectives 

The  primary  objectives  are  to  establish  design  procedures  and  construction 
techniques  whereby  propagation  of  explosion  (from  one  building  or  part  of  a 
building  to  another)  or  mass  detonation  can  be  prevented  and  protection  for 
personnel  and  valuable  eqjipment  will  be  provided. 

The  secondary  objectives  are: 

(1)  Establish  the  blast  load  parameters  required  for  design  of 
protective  structures; 

(2)  Provide  methods  for  calculating  the  dynamic  response  of  struc¬ 
tural  elements  including  reinforced  concrete,  structural  steel, 
etc. ; 

(3)  Establish  construction  details  and  procedures  necessary  to 
afford  the  required  strength  to  resist  the  applied  bla*t  loads; 

(4)  Establish  guidelines  for  siting  explosive  facilities  to  obtain 
maximum  cost  ef fectl veness  in  botn  the  planning  and  structural 
arrangements;  providing  closures,  and  preventing  damage  to  in¬ 
terior  portions  of  structures  due  to  structural  motion,  shock, 
and  fragment  perforation. 

5-3  Background 

For  the  first  60  years  of  the  20th  Century  criteria  and  methods  based  upon  the 
results  of  catastrophic  events  have  been  used  for  the  design  of  explosive 
facilities.  The  criteria  and  methods  did  not  Include  a  detailed  or  reliable 
quantitative  basis  for  assessing  the  degree  of  protection  afforded  by  the  pro¬ 
tective  facility.  In  the  late  1960's  quantitative  procedures  were  set  forth 
in  the  first  edition  of  the  present  manual,  "Structures  to  Resist  the  Effects 
ttl  Accidental  Explosions".  Tnis  manual  was  based  on  extensive  research  and 
development  programs  which  permitted  a  more  reliable  approach  to  design  re¬ 
quirements.  Since  the  original  publication  of  this  manual,  more  extensive 
testing  and  development  programs  have  taken  place.  This  additional  research 
was  directed  primarily  towards  material*  other  than  reinforced  concrete  which 
was  the  principal  construction  material  referenced  in  the  initial  version  of 
the  manual. 


Modern  methods  for  the  manufacture  and  storage  of  explosive  materials,  which 
include  many  exotic  chemicals,  fuels,  propellants,  etc.,  required  less  space 
for  a  given  quantity  of  explosive  material  than  was  previously  needed.  Such 
concentration  of  explosives  increase  the  possibility  of  the  propagation  of 
accidental  explosions  (one  accidental  explosion  causing  the  detonation  of 
other  explosive  materials).  It  is  evident  that  a  requirement  for  more  accu¬ 
rate  design  techniques  has  become  essential.  This  manual  describes  rational 
design  methods  to  provide  the  required  structural  protection. 

These  design  methods  account  for  the  close-in  effects  of  a  detonation  includ¬ 
ing  associated  high  pressures  and  nonuniforraity  of  the  blast  loading  on  pro¬ 
tective  structures  or  barriers  as  well  as  intermediate  and  far-range  effects 
which  are  encountered  in  the  design  of  structures  which  are  positioned  away 
from  the  explosion.  The  dynamic  response  of  structures,  constructed  of  var¬ 
ious  materials,  or  combination  of  materials,  can  be  calculated,  and  details 
have  been  developed  to  provide  the  properties  necessary  to  supply  the  required 
strength  and  ductility  specified  by  the  design.  Development  of  these  proce¬ 
dures  has  been  directed  primarily  towards  analyses  of  protective  structures 
subjected  to  the  effects  of  high  explosive  detonation.  However,  this  approach 
is  general  and  is  applicable  to  the  design  of  other  explosive  environments  as 
well  as  other  explosive  materials  as  numerated  above. 

The  design  techniques  set  forth  in  this  manual  are  based  upon  the  results  of 
numerous  full-  and  small-scale  structural  response  and  explosive  effects  tests 
of  various  materials  conducted  in  conjunction  with  the  development  of  this 
manual  and/or  related  projects. 

Scope  of  Manual 

This  manual  is  limited  only  by  variety  and  range  of  the  assumed  design  situa¬ 
tion.  An  effort  has  been  made  to  cover  the  more  probable  situations.  How¬ 
ever,  sufficient  general  information  on  protective  design  techniques  has  been 
included  in  order  that  application  of  the  basic  theory  can  be  made  to  situa¬ 
tions  other  than  those  which  were  fully  considered. 

This  manual  is  generally  applicable  to  the  design  of  protective  structures 
subjected  to  the  effects  associated  with  high  explosive  detonations.  For 
these  design  situations,  this  manual  will  generally  apply  for  explosive  quan¬ 
tities  less  than  25,000  pounds  for  close-in  effects.  However,  this  manual  l* 
also  applicable  to  other  situations  such  as  far  or  Intermediate  range  effects. 
For  these  latter  cases  the  design  procedures  as  presented  are  applicable  for 
explosive  quantities  up  to  500,000  pounds. 

Because  the  tests  conducted  so  far  in  connection  with  this  manual  have  been 
directed  primarily  towards  the  response  of  structural  steel  and  reinforced 
concrete  elements  to  blast  overpressures ,  this  manual  concentrates  on  design 
procedures  and  techniques  for  these  materials.  However,  this  does  not  imply 
that  concrete  and  steel  are  the  only  usef  ll  material?  . jr  protective  construc¬ 
tion.  Tests  to  estc blish  the  response  of  wood,  brick  blocks,  plastics,  etc. 
as  well  as  the  blast  attenuating  and  mass  effects  of  soil  are  contemplated. 
The  results  of  these  tests  may  require,  at  a  later  date,  the  supplemental  m 
of  these  design  methods  for  these  and  other  materials. 

Other  manuals  are  available  which  enable  one  to  design  protective  structures 
against  the  effect?  of  high  explosive  or  nuclear  detonations.  The  procedure? 


In  these  manual?  will  quite  often  complement  this  manual  and  should  be  con 
pul  ted  for  ppeclfic  application?. 


Computer  program?,  which  are  con? latent  with  the  procedure?  and  technique? 
contained  in  the  manual,  have  been  approved  by  the  appropriate  reprcpentati ve 
of  the  U.S.  Army,  the  U.S.  Navy,  the  U.S.  Air  Force  and  the  Department  of 
Defence  Explosive  Safety  Board  (DDESB) .  These  program?  are  aval  lame  through 
the  following  reposi torie?; 


1.  Department  of  the  Army 

Commander  and  Director 
U.S.  Army  Engineer 
Waterway?  Experiment  Station 
Post  Office  Box  631 
Vicksburg,  Mississippi  39180 

Attn:  WESKA 

2.  Department  of  the  Navy 

Off icer-in-Charge 
Civil  Engineering  Laboratory 
Naval  Battalion  Construction  Center 
Port  Hueneme,  California  930^3 

Attn:  Code  L51 

3.  Department  of  the  Air  Force 

Aerospace  Structure? 

Information  and  Analysis  Center 
Wright  Paterson  Air  Force  Base 
Ohio  <*5433 

Attn:  AFFDL/FBR 

Limited  number  of  copies  of  the  above  program  are  available  rrom  each  repos¬ 
itory  upon  request.  The  individual  program?  are  Identical  at  each  repository. 
If  any  modification?  and/or  addition?  to  the?e  program?  are  required,  they 
will  be  ?ubmltted  by  the  organization  for  raview  by  DDESB  and  the  above  ?er- 
vice?.  Upon  concurrence  of  the  revl?lon?,  the  nece??ary  change?  will  be  made 
and  notification  of  the?e  change?  will  be  made  by  the  individual  repo?itorie? . 

5-5  Format  of  Manual 

Thi?  manual  entitled,  "Structure?  to  Re?t?t  the  Erfect?  of  Accidental  Explo- 
?lon?,"  i?  ?ubdlvided  into  ?ix  ?peclfic  volume?  dealing  with  variou?  a?pocts 
of  de?lgn.  The  title?  of  the?e  volume?  are  a?  follows-. 


\Jr'  jne 

I 

-  Introduction 

Volume 

II 

-  Blast,  Fragment^ and  Shock  Loacs 

Volume 

III 

Principles  of  Dynamic  Analysis 

Volume 

IV 

-  P.sinforced  Concrete  Design 

Volume 

V 

-  Structural  Steel  Design 

Volume 

VI 

-  Special  Consideration?  in  Explosive  Facility  Design 
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Appendix  A  pertinent  to  a  particular  volume  and  containing  illustrative  ex¬ 
amples  of  the  explosive  effects  and  structural  response  problems  appear  at  the 
end  of  each  volume. 

Commonly  accepted  symbols  have  been  used  as  much  as  possible.  However,  pro¬ 
tective  design  involves  many  different  scientific  and  engineering  fields,  and, 
therefore,  no  attempt  has  been  made  to  standardize  completely  all  the  symbols 
used.  Each  symbol  has  been  defined  where  it  is  first  introduced,  and  a  list 
of  the  symbols,  with  their  definitions  and  units,  is  contained  in  Appendix  B 
of  each  volume. 


VOLUME  CONTENTS 

5-6  General 

This  volume  contains  procedures  and  guidelines  for  the  design  of  blast- 
resistant  steel  structures  and  steel  elements.  Light  construction ,  steel 
framed  acceptor  structures  provide  an  adequate  form  of  protection  in  a 
pressure  range  of  10  psi  or  less.  However,  if  fragments  are  present, 
light-gage  construction  may  only  be  partially  appropriate.  Use  of  structural 
steel  frames  in  combination  with  precast  concrete  roof  and  wall  panels  (Volume 
VI)  will  provide  a  measure  of  fragment  protection  at  lower  pressure  ranges. 
Containment  structures,  or  steel  elements  of  containment  structures,  such  as 
blast  doors,  ventilation  closures,  fragments  shields,  etc.  can  be  designed  for 
almost  any  pressure  range.  This  volume  covers  detailed  procedures  and  design 
techniques  for  the  blast-res istant  design  of  steel  elements  and  structures 
subjected  to  short-duration,  hi gfrt- intensity  blast  loading.  Provisions  for 
inelastic,  blast-resiotant  design  will  be  consistent  with  conventional  static 
plastic  design  procedures.  Steel  elements  such  as  beams,  beam  columns,  open- 
web  joists,  plates  and  cold-formed  steel  panels  are  considered.  In  addition, 
the  design  of  steel  structures  such  as  rigid  frames,  and  braced  frames 
presented  as  they  relate  to  blast-resistant  design.  Special  considerations 
for  blast  doors,  penetration  of  fragments  into  steel  and  unsymmetrical  bending 
are  also  presented. 


STEEL  STRUCTURES  IN  PROTECTIVE  DESIGN 

5-7  Differences  Between  Steel  Structures  and  Concrete  Structures  In 

Protective  Design. 

Qualitative  differences  between  steel  and  concrete  protective  structures  are 
summarized  briefly  below: 

(1)  In  clone-in  high- Impulse  design  situtations  where  a  containment 
stricture  is  utilized,  a  massive  reinforced  concrete  structure, 
rather  than  a  steel  structure,  is  generally  employ*- .  In  order 
to  limit  deflections  and  to  offer  protection  against  the 
effects  of  primary  and  secondary  fragments.  However,  elements 
of  containment  structures  such  as  blast  doors,  ventilation 
closures ,  etc.,  are  generally  designed  using  structural 
steel.  Fragment  protection  is  usually  accomplished  by 
increasing  the  element  thickness  to  resist  fragment  penetration 
or  by  providing  supplementary  fragment  protection.  In  some 
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cases,  structural  steel  can  be  used  in  the  design  «.f 
containment  cells.  However,  explosive  charge  weights  are 
generally  low;  thereby  preventing  brittle  modes  of  failure 
(Section  5-18.3)  due  to  high  pressure  intensity. 

(2)  Structural  steel  shapes  are  considerably  more  slender,  both  in 
terms  of  the  overall  structure  and  the  components  of  a  typical 
member  cross-section.  As  a  result,  the  effect  of  overall  and 
local  instability  upon  the  ultimate  capacity  Is  an  important 
considerat ion  in  steel  design.  Moreover,  in  most  cases ,  plate 
elements  and  structures  will  sustain  large  deformations  in 
comparison  to  those  of  more  rigid  concrete  elements. 

(3)  The  amount  of  rebound  in  concrete  structures  Is  considerably 
reduced  by  internal  damping  (cracking)  and  Is  essentially 
eliminated  in  cases  where  large  deformations  or  incipient 
failure  are  permitted  to  occur.  In  structural  steel,  however, 
a  larger  response  in  rebound,  up  to  100  percent,  can  be  ob¬ 
tained  for  a  combination  of  short  duration  load  and  a  rela¬ 
tively  flexible  element.  As  a  result,  steel  structures  require 
that  special  provisions  be  made  to  account  for  extreme  re¬ 
sponses  of  comparable  magnitude  in  both  directions. 

(4)  The  treatment  of  stress  interaction  is  more  of  a  considerat ion 
in  steel  shapes  since  each  element  of  the  cross-sect  ion  must  be 
considered  subject  to  a  state  of  combined  stresses.  In  rein¬ 
forced  concrete,  the  provision  of  separate  steel  reinforcement 
for  flexure,  shear  and  torsion  enables  the  designer  to  consider 
these  stresses  as  being  carried  by  more  or  less  independent 
systems . 

(5)  Special  care  must  be  taken  in  steel  design  to  provide  for  con¬ 
nection  integrity  up  to  the  point  of  maximum  response.  For 
example,  in  order  to  avoid  premature  brittLe  fracture  in  welded 
connections,  the  welding  charaoteris tics  of  the  particular 
grade  of  steel  must  be  considered  and  the  introduction  of  any 
stress  concentrations  at  joints  and  notches  in  main  elements 
must  be  avoided. 

(6)  If  fragments  are  Involved,  special  care  must  be  given  to 
brittle  modes  of  failure  as  they  affect  construction  methods. 
For  example,  fragment  penetration  depth  may  govern  the 
thickness  of  a  steel  plate. 

5-8  Economy  of  Design  of  Protective  Structures  in  the  Inelastic  Range. 

The  economy  of  facility  design  generally  requires  that  blast-rests tant  struc¬ 
tures  be  designed  to  perform  in  the  inelastic  response  range  during  an  acci¬ 
dent.  In  order  insure  the  structure’s  integrity  throughout  such  severe 
conditions,  the  facility  aesigner  must  be  cognizant  of  the  various  possible 
failure  modes  and  their  i nter-relatlonships .  The  limiting  design  values  are 
dictated  by  the  attainment  of  inelastic  deflections  and  rotations  without  com¬ 
plete  collapse.  The  amount  of  inelastic  deformation  is  dependent  not  only 
upon  the  ductility  characteristics  of  the  material,  but  also  upon  the  intended 
use  of  the  structure  following  an  accident  as  well  as  the  protection 
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required.  In  order  for  the  structure  to  maintain  such  large  defonaat Lons , 
steps  must  be  taken  to  prevent  premature  failure  by  either  brittle  fracture  or 
instability  (local  or  overall).  Guidelines  and  criteria  for  dealing  with 
these  effects  are  presented  in  the  body  of  this  volume. 

5-9  Applications  of  Steel  Elements  and  Structures  In  Protective  Design. 

The  design  procedures  and  applications  of  this  volume  are  directed  toward 
steel  acceptor-  and  donor-type  structures. 

Acceptor-type  structures  are  removed  from  the  immediate  vicinity  of  the  deto¬ 
nation.  These  include  typical  frame  structures  with  beams,  columns  and  beam- 
columns  composed  of  standard  structural  shapes  and  built-up  sections.  In  many 
cases,  the  relatively  low  blast  pressures  suggest  the  use  of  standard  building 
components  such  as  open-web  joists,  prefabricated  wall  panels  and  roof  decking 
detailed  as  required  to  carry  the  full  magnitude  of  the  dynamic  loads. 
Another  economical  application  can  be  the  use  of  entire  pre-engineered  build¬ 
ings,  strengthened  locally,  to  adapt  their  designs  to  low  blast  pressures  (up 
to  2  psi)  with  short  duration.  For  guidelines  on  the  blast  evaluation  of  pre- 
engineered  buildings,  see  "Special  Provisions  for  Pre-engineered  Buildings", 
Volume  VI. 

Donor-type  structures,  which  are  located  in  the  immediate  vicinity  of  the 
detonation  may  include  steel  containment  cells  or  steel  components  of  rein¬ 
forced  concrete  containment  structures  such  as  blast  doors  or  ventilation  and 
electrical  closure  plates.  In  some  cases,  the  use  of  suppressive  shielding  to 
control  or  confine  the  hazardous  blast,  fragment  and  flame  effects  of 
detonations  may  be  an  economically  feasible  alternative.  A  brief  review  of 
suppressive  shield  design  and  criteria  is  outlLned  In  Section  6-23  to  6-26  of 
Volume  VI.  The  high  blast  pressures  encountered  in  these  structures  suggest 
the  use  of  large  plates  or  built-up  sections  with  relatively  high 
resistances.  In  some  instances,  fragment  Impact  or  pressure  leakage  is 
permitted. 

5-10  Application  of  Dynamic  Analysis. 

The  first  step  in  a  dynamic  design  entails  the  development  of  a  trial  design 
considering  facility  requirement* ,  available  materials  and  economy  with  mem¬ 
ber's  sized  by  a  simple  preliminary  procedure.  The  next  step  involves  the  per¬ 
formance  of  a  dynamic  analysis  to  determine  the  response  of  the  trial  design 
to  the  blast  and  the  comparison  of  the  maximum  response  with  the  deformation 
limits  specified  In  this  volume.  The  final  design  is  then  determined  by 
achieving  an  economical  balance  between  stiffness  and  resistance  such  that  the 
calculated  response  under  the  blast  loading  lies  within  the  limiting  values 
dictated  by  the  operational  requirements  of  the  facility. 

The  dynamic  response  cal?ulatlon  involves  either  a  single-degree-of-freedora 
analysis  using  the  response  charts  in  Volume  III,  or,  in  more  complex  struc¬ 
tures,  a  mul tl-degree-of -freedom  analysis  using  available  dynamic  elasto- 
plastic  frame  programs. 

A  si.ngle-degree-of-freedom  analysis  may  be  performed  for  the  design  analysis 
of  either  a  given  structural  element  or  of  an  element  for  which  a  preliminary 
design  has  been  performed  according  to  procedures  given  in  this  volume.  Since 
this  type  of  dynamic  analysis  is  described  fully  with  accompanying  charts  and 
tables  in  Volume  III,  it  will  not  be  duplicated  herein.  In  principle,  the 
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structure  or  structural  element  is  character ized  by  an  idealized,  bilinear', 
elasto-plastic  resistance  function  and  the  loading  is  treated  as  an  idealized 
triangular  (or  bi-li.oear)  pulse  with  zero  rise  time  (Volume  irt).  Response 
charts  are  presented  in  Volume  III  for  determining  the  ratio  of  the  maximum 
response  to  the  elastic  response  and  the  time  to  reach  maximum  response  for 
the  initial  response.  The  equations  presented  for  the  dynamic  reactions  are 
also  applicable  to  this  volume. 

Mul tl-degree-of-freedom  non-linear  dynamic  analyses  of  braced  and  unbraced 
rigid  frames  can  be  performed  using  program?  available  through  the  reposi¬ 
tories  listed  in  Section  5-^  and  through  the  reports  listed  In  the  biblio¬ 
graphy  at  the  end  of  this  volume. 


PROPERTIES  OF  STRUCTURAL  STEEL 


5-11  General 

Structural  steel  Is  known  to  be  a  strong  and  ductile  building  material.  The 

significant  engineering  properties  of  steel  are  strength  expressed  in  terms  of 
yield  stress  and  ultimate  tensile  strength,  ductility  expressed  In  terms  of 
percent  elongation  at  rupture,  and  rigidity  expressed  in  terms  of  modulus  of 
elasticity.  This  section  covers  the  mechanj cal  properties  of  structural  steel 
subjected  to  static  loading  and  dynamic  loading.  Recommended  dynamic  design 
stresses  for  bending  and  shear  are  then  derived.  Structural  steels  that  are 
admissible  In  plastic  design  are  listed. 

5-12  Mechanical  Properties 

5-12.1  Mechanical  Properties  Under  Static  Loading  -  Static  Design  Stresses 

Structural  steel  generally  can  be  considered  as  exhibiting  a  linear  stress- 
strain  relationship  up  to  the  proportional  limit,  which  is  either  close  to,  or 
identical  to,  the  yield  point.  Beyond  the  yield  point,  it  can  stretch  sub¬ 
stantially  without  appreciable  increase  in  stress,  the  amount  of  elongation 
reaching  10  to  15  times  that  needed  to  reach  yield,  a  ^ange  that  is  termed 
"the  yield  plateau'1.  Beyond  that  range,  strain  hardening  occurs,  i.e.,  addi¬ 
tional  elongation  is  associated  with  an  increase  in  stress.  After  reaching  a 
maximum  nominal  stress  called  "the  tensile  strength" ,  a  drop  In  the  nominal 
stress  accompanies  further  elongation  and  precedes  fracture  at  an  elongation 
(at  rupture)  amounting  to  20  to  30  percent  of  the  specimen's  original  length 
(see  figure  5-1).  It  is  this  ability  of  structural  steel  co  undergo  sizable 
permanent  (plastic)  deformations  before  fracturing,  i.e.,  its  ductility,  that 
makes  steel  a  construction  material  with  the  required  properties  for  blast- 
resistant  design. 

Some  high  strength  structural  steels  do  not  exhibit  a  sharp,  well  defined 
yield  plateau,  but  rather  show  continuous  yielding  with  a  curved  stress-strain 
relation.  For  those  steels  it  is  generally  accepted  to  define  a  quantity 
analogous  to  the  yield  point,  called  "the  yield  stress",  as  that  stress  which 
would  produce  a  permanent  strain  of  0.2  percent  or  a  total  unit  elongation  of 
0.4  to  0.5  percent.  Although  such  steels  usually  have  a  higher  yield  stress 
than  those  steels  which  exhibit  definite  yield  and  tensile  stresses,  their 
elongation  at  rupture  is  generally  smaller.  Therefore,  they  should  be  used 
with  caution  when  large  ductilities  are  a  prerequisi te  of  design. 
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Figure  5-1  Typical  stress-strain  curves  for  steel 
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Blast-resistant  design  is  commonly  associated  with  plastic  design  since  pro¬ 
tective  structures  are  generally  designed  with  the  assumption  that  economy  can 
be  achieved  when  plastic  deformations  are  permitted.  The  steels  to  be  used 
should  at  least  meet  the  requirements  of  the  American  Institute  of  Steel 
Construction  (AISC)  Specification  in  regard  to  their  adequacy  for  plastic 
design. 

Since  tht  average  yield  stress  for  structural  steels  having  a  sped  Tied  min¬ 
imum  yielu  stress  of  50  ksi  or  less  is  generally  higher  than  the  specified 
minimum,  it  is  recommended  that  the  minimum  design  yield  stress,  as  specified 
by  the  AISC  specif ication ,  be  increased  by  10  percent,  that  is,  the  average 
yield  stress  to  be  used  in  a  blast  resistant  design,  shall  be  1.1  time;-:  the 
minimum  yield  stress  for  these  steels.  This  increase,  which  is  referred  to  as 
the  increase  factor  (a),  should  not  be  applied  to  high  strength  steels  since 
the  average  increase  may  be  less  than  5  percent. 

The  minimum  yield  stress,  fy,  and  the  tensile  stress,  fu,  (minimum)  for  struc¬ 
tural  steel  shapes  and  plates  which  conform  to  the  ASTM  Specification,  are 
listed  in  table  5-1.  All  are  admissable  In  plastic  design  except  for  ASTM 
A51 ^  which  exhibits  the  smallest  reserve  in  ductility  since  the  minimum  ten¬ 
sile  stress  is  only  10  percent  higher  than  the  minimum  yield  stress.  However', 
elastic  dynamic  design  may  require  the  use  of  this  steel  or  its  bolle^  plate 
equi valent ,  ASTM  A51 7. 

5-1 2.2  Mechanical  Properties  Under  Dynamic  Loading  -  Dynamic  Increase 
Factors 

The  effects  of  rapid  loading  on  the  mechanical  behavior  of  structural  steel 
have  been  observed  and  measured  in  uniaxial  tensile  stress  tests.  Under  rap¬ 
idly  applied  loads,  the  rate  of  strain  increases  and  this  has  a  marked  influ¬ 
ence  on  the  mechanical  properties  of  structural  steel. 

Considering  the  mechanical  properties  under  static  loading  as  a  basis,  the 
effects  of  increasing  strain  rates  are  illustrated  in  figure  5-1  and  can  be 
summarized  as  follows: 

(1)  The  yield  point  increases  substanti al ly  to  the  dynamic  yield 
stress  value.  This  effect  is  termed  the  dynamic  increase 
factor  for  yield  stress. 

(2)  The  modulus  of  elasticity  in  general  will  remain  insensitive  to 
the  rate  of  loading. 

(3)  The  ultimate  tensile  strength  Increases  slightly.  However,  the 
percentage  increase  is  less  than  that  for  the  yield  stress. 
This  effect  is  termed  the  dynamic  increase  factor  “for  ultimate 
stress . 

(4)  The  elongation  at  rupture  either  remains  unchanged  or  is 
slightly  reduced,  due  to  increased  strain  rate. 

In  actual  members  subjected  to  blast  loading,  the  dynamic  effects  resulting 
from  the  rapid  strain  rates  may  be  expressed  as  a  function  of  the  time  to 
reach  yielding.  In  this  case,  the  mechanical  behavior  depends  on  both  the 
loading  regime  and  the  response  of  the  system  which  determines  the  dynamic 
effect  felt  by  the  particular  material. 
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Table  5-1  Static  Design  Stresses  for  Materials 


Material 

(ASTH) 

ry  Bin 
(ksi) 

fu  min 
(ksi ) 

A36 

36 

58 

A529 

42 

60 

A441 

40 

60 

42 

63 

46 

67 

50 

70 

A572 

42 

60 

50 

65 

60 

75 

65 

80 

A242 

42 

63 

46 

67 

50 

70 

A538 

42 

63 

’■6 

67 

30 

70 

A51  4 

90 

100 

100 

110 

10 


For  member?  made  of  A36  and  A51  steels,  studies  have  been  made  to  determine 
the  percentage  increase  in  the  yield  stress  as  a  function  of  strain  rate.  De¬ 
sign  curves  for  the  dynamic  increase  factors  (DIF) 'for  yield  stresses  of  A36 
and  A51*l  structural  steel  are  illustrated  in  figure  5-2.  Even  though  ASTM 
A511*  is  not  recommended  for  plastic  design,  the  curve  in  figure  5-2  may  be 
used  for  dynamic  elastic  design. 

The  strain  rate,  assumed  to  be  a  constant  from  zero  strain  to  yielding,  may  be 
determined  according  to  equation  5-1: 


-  WEsfcE 


5-1 


where 


€  »  average  strain  rate  In  the  elastic  range  of 
the  steel  (in/ in/sec) 

t£  -  time  to  yield  (sec) 

-  dynamic  desLgn  stress  (Sect.  5-13) 

Dynamic  Increase  factors  for  yield  stresses  in  various  pressa^e  levels  in  the 
bending,  tension  and  compression  modes  are  listed  in  table  5-2.  The  values 
for  bending  assume  a  strain  rate  of  0.10  in/in/sec  in  the  low  design  pressure 
range  and  0.30  in/in/sec  in  the  high  pressure  design  range.  For  tension  and 
compression  members,  the  DIF  values  assume  the  strain  rates  are  0.02  in/in/sec 
in  the  low  design  pressure  range  and  0.05  in/in/?ec  in  the  high  design 
pressure  range.  Lower  strain  rates  are  selected  for  the  tension  and 
compression  members  since  they  are  likely  to  carry  the  reaction  of  a  beam  or 
girder  which  may  exhibit  a  significant  rise  time,  thereby  increasing  the  time 
to  reach  yield  in  the  tension  or  compression  mode. 

On  the  basis  of  the  above,  the  dynamic  increase  factors  for  yield  stresses  are 
summarized  in  table  5-2  are  recommended  for  use  in  dynamic  design.  However,  a 
more  accurate  representation  may  be  derived  using  figure  5-2  once  the  strain 
rate  has  been  determined. 

Steel  protective  structures  and  members  are  generally  not  designed  for  exces¬ 
sive  deflections,  that  is,  deflections  associated  with  elongations  well  into 
the  strain-hardening  region  (see  figure  5-1).  However,  situations  arise  where 
excessive  deflections  may  be  tolerated  and  will  not  lead  to  structural  f  Ulure 
or  collapse.  In  this  case,  the  ultimate  stresses  and  associated  dynamic  in¬ 
crease  factors  for  ultimate  stresses  must  bo  considered.  Table  5-3  list?  the 
dynamic  Increase  factors  for  ultimate  stresses  of  steels.  Unlike  the  dynamic 
increase  factors  for  yield  stress,  these  values  are  independent  of  the 
pressure  ranges. 
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Table  5“2  Dynamic  Increase  Factor,  c,  for  yield 
Stress  of  Structural  Steels 


/ 

i  Y 

•  :]  • 

Material 

Bending 

Tension  or 

Compression 

Low 

Pressure 

(e  »  0.10  in/in/sec) 

High 

Pressure 

(e  -  0.30) 

Low 

Pressure 

U  -  0.02) 

High 

Pressure 

(c  -  .05) 

A36 

1  .29 

1.36 

1.19 

1  .24 

A588 

1.19* 

1.24» 

1.12* 

1.15* 

✓ 

A514 

1 .09 

1.12 

1 .05 

1 .07 

•Estimated 


Table  5“3  Dynamic  Increase  Factor,  for  Ultimate 
Stress  of  Structural  Steels 


Material 

c 

A36 

1 .10 

A588 

1  .05* 

A514 

1  .00 

•Estimated 
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5-13  Reoo«Ma ended  Dynamic  Design  Stresses 

5-13.1  General 

The  yield  point  of  steel  unde'*  uniaxial  tensile  stress  is  generally  used  as  a 
base  to  determine  yield  stresses  under  other  loading  states  namely,  bending, 
shear  and  compression  or  tension.  The  design  stresses  are  also  functions  of 
n  the  average  strength  increase  factor t  a,  and  the  dynamic  increase  factor,  o. 

5-13.2  Dynamic  Design  Stress  for  Ductility  Ratio  y  $  10 

To  determine  the  plastic  strength  of  a  section  under  dynamic  loading,  the 
appropriate  dynamic  yield  stress,  f^y<  must  be  used.  For  a  ductility  ratio 

(see  Section  5-15.3)  u  S  10,  the  dynamic  design  stress,  is  equal  to  the 

dynamic  yield  stress,  fdy.  In  general  terms,  the  dynamic  yield  stress,  f^y, 

shall  be  equal  to  the  product  of  the  dynamic  increase  factor,  o,  the  a/erage 
yield  strength  Increase  factor ,  a,  (see  Section  5-12.1)  and  the  specified 
minimum  yield  stress  of  the  steel .  The  dynamic  design  stress,  ^ds  •  for 
bending,  tension  and  compression  shall  be: 


ds 


dy 


x  a  x  f 


5-2 


/ 


't 

I  \ 

j  ^ 


where 


f^  *  dynamic  yield  stress 

0  -  dynamic  increase  factor  on  the  yield  stress 

(figure  5-2  or  table  5-2) 

a  -  average  strength  increase  factor 

(-1.1  for  steels  with  a  specified  minimum 
yield  stress  of  50  k*i  or  les3;  -■  1.0  otherwise) 

fy  -  stati  ?  yield  stress  from  table  5-1 
5-13.3  Dynamic  Design  Stress  for  Ductility  Ratio ,  y  >  10 

Where  excessive  deflections  or  ductility  ration  may  be  tolerated,  the  dynamic 
design  stress  can  be  increased  to  account  for  deformations  in  the  strain¬ 
hardening  regiori.  In  thi*  Case,  for  y  >  10,  the  dynamic  design  stress,  f^, 
becomes 


4  ds 


dy 


du 


4dy 


)/* 


5-3 


1*4 


where: 


r 


dy 


dynamic  yield  stress  from  equation  5*1 


-  dynamic  ultimate  ?t re??  equal  to  the  product  of 
fu  from  table  5-1  and  the  value  of  c  from  table  5-3 
or  figure  5-2 


It  should  be  noted  that  the  average  strength  increase  factor, 
a#  doe?  not  apply  to 

5-13.4  Dynamic  Design  Stress  for  Shear 
The  dynamic  design  stress  in  shear  shall  be: 


dv 


0.55  r 


d? 


5-H 


where  is  from  equation  5-2  or  5-3. 

DYNAMIC  RESPONSE  OP  STEEL  STRUCTURES  IN  THE  PLASTIC  RANGE 
5-14  Plastic  Behavior  of  Steel  Structures 

Although  plastic  behavior  is  not  generally  permlssable  under  service  loading 
condition?,  it  i?  quite  appropriate  for  design  when  the  structure  is  subjected 
to  a  severe  blast  loading  only  once  or  at  most  a  few  times  during  it?  exis¬ 
tence.  Under  blast  pressure?,  it  will  usually  be  uneconomical  to  design  a 
structure  to  remain  elastic  and,  a?  a  result,  plastic  behavior  is  normally 
anticipated  in  order  to  utilize  more  fully  the  energy-absorbing  capacity  of 
blast-re? istant  structure?.  Plastic  design  for  flexure  is  based  on  the 
assumption  that  the  structure  or  member  resistance  is  fully  developed  with  the 
formation  of  near  totally  plastified  sections  at  the  most  highly  stressed 
locations.  For  economical  design,  the  structure  should  be  proportioned  to 
assure  it?  ductile  behavior  up  to  the  limit  of  its  load-carrying  capacity. 
The  structure  or  structural  element  can  attain  its  full  plastic  capacity 
provided  that  premature  impairment  of  strength,  due  to  secondary  effects,  such 
a?  brittle  fracture  or  instability,  doe?  not  occur. 

Structural  resistance  is  determined  on  the  basis  of  plastic  design  concepts, 
taking  into  account  dynamic  yield  strength  values.  The  design  proceeds  wiih 
the  basic  objective  that  the  computed  deformation?  of  either  the  individual 
member?  or  the  structure  as  a  whole,  due  to  the  anticipated  blast  loading, 
should  be  limited  to  prescribed  maximum  values  consistent  with  safety  and  the 
desired  post-accident  condition. 
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Relationship  Between  Structure  Function  and  Deformations 


5-15.1  General 


Deformation  criteria  are  specified  in  detail  for  two  categories  of  structures, 
namely,  acceptor-type  structures  In  the  low  pressure  range,  and  structures  in 
the  high  pressure  range  which  may  either  be  acceptor-  or  donor-type.  A 
description  of  the  two  categories  of  structures  follow. 

5-15.2  Acceptor- type  Structures  in  the  Low  Pressure  Ranges . 


\ 


1 


The  maximum  deformations  to  be  specified  in  .this  category  are  consistent  with 
maintaining  structural  integrity  into  the  plastic  range  while  providing  safety 
for  personnel  and  equipment.  The  type  of  structure  generally  associated  with 
tnis  design  category  may  be  constructed  of  one  or  two  stories  with  braced  or 
rigid  frames.  Main  members,  consisting  of  columns  and  main  beams,  should  be 
fabricated  from  hot  rolled  steel,  while  secondary  members,  consisting  of 
purlins  or  girt*,  which  span  the  frame  members  can  be  hot-rolled  I-snapes  and 
channels  or  cold-formed  Z-shapes  and  channels.  The  structure  skin  shall 
consist  of  cold-formed  siding  and  decking  spanning  between  the  wall  girts  or 
roof  purlins. 

5-15.3  Acceptor  or  Donor-type  Structures  in  the  High  Pressure  Range 

The  deformation  criteria  specified  In  this  category  cover  the  severe 
conditions  associated  with  structures  located  close-in  to  a  blast.  In  cases 
where  the  design  objective  is  the  containment  of  an  explosion  the  deformations 
should  be  limited.  In  other  cases  where  prevention  of  explosion  propagation 
or  of  missle  generation  is  required,  the  structure  may  be  allowed  to  approach 
incipient  failure,  and  deformations  well  into  the  strain  hardening  region  may 
be  permitted  for  energy  absorption.  In  general,  plate  elements  and  curved 
plate-type  structures  fall  under  these  categories. 

5-16  Deformation  Criteria 

5-16.1  General 

The  deformation  criteria  presented  in  this  volume  will  be  consistent  with 
designing  the  structure  for  one  accident.  However,  if  it  is  desirable  for  a 
structure  to  sustain  two  or  three  "incidents"  in  its  lifetime,  the  designer 
may  limit  design  deformations  so  that,  in  its  post-accident  condition,  the 
structure  is  suitable  for  repair  and  re-use. 

The  deformation  criteria  for  beams  (including  purlins,  spandrels  and  girts)  is 
presented  in  Section  5-16.5.  The  criteria  for  frames,  including  sidesway,  is 
presented  in  Section  5-16.6  and  that  for  plates  is  given  in  Section  5-16.7. 
Special  oonsi derat  ion  is  given  to  the  deformation  criteria  for  open-web  Joists 
(Section  5-33)  and  cold-formed  metal  decking  (Section  5-3*0.  Deformation 
criteria  are  summarized  ii  Section  5~35. 

5-16.2  Structural  Response  Quantities 


In  order  to  restrict  damage  to  a  structure  or  element  which  is  subjected  to 
the  effects  of  accidental  explosion,  limiting  values  must  be  assigned  to 
appropriate  response  quantities.  Generally  speaking,  two  different  types  of 
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values  are  specified,  namely:  limits  on  the  level  of  inelastic  dynamic 

response  and  limits  on  the  maximum  deflectiotis  and  rotations. 

For  elements  which  can  be  represented  as  si ngle-degree-of-freedom  systems  such 
as  beams,  floor  and  wall  panels,  open-web  joists,  and  plates,  the  appropriate 
quantities  are  taken  as  the  maximum  ductility  ratio  and  the  maximum  rotation 
at  an  end  support . 

For  systems  such  as  frame  structures  which  can  be  represented  by 
raulci-degree-of-freedom  systems,  the  appropriate  quantities  a re  taken  as  the 
sidesway  deflection  and  individual  frame  member  rotations. 

5-16-3  Ductility  Ratiot  ^ 


Following  the  development  in  Volume  I I r  of  this  Manual,  the  ductility  ratio, 
y,  is  defined  as  the  ratio  of  the  maximum  deflection  0^)  to  the  equivalent 

elastic  deflection  (X£)  correspond! ng  to  the  development  of  the  limiting 
resistance  on  the  bilinear  resistance  diagram  for  the  element.  Thus,  a 
ductility  ratio  of  3  corresponds  to  a  maximum  dynamic  response  three  times  the 
equivalent  elastic  response. 


In  the  case  of  individual  beam  elements,  ductility  ratio*  as  high  as  20  can  be 
achieved  provided  that  sufficient  bracing  exists.  Subsequent  sections  of  this 
volume  cover  bracing  requirements  for  beam  elements.  In  the  case  of  plate 
elements,  ductility  ratios  are  important  insomuch  as  the  higher  ductility 
ratios  permit  the  use  of  higher  design  stresses. 


Support  notations,  as  discussed  in  the  next  paragraph,  provide  the  basis  for 
beam  3nd  plate  design.  For  a  beam  element,  the  ductility  ratio  must  be 
cheeked  to  determine  whether  the  specified  rotation  can  be  reached  without 
premature  buckling  of  the  member.  A  similar  provision  shall  apply  to  plates 
even  though  they  may  undergo  larger  ductility  ratios  in  the  absence  of 
premature  buckling. 


Support  Rotation ,  g 


The  end  rotation,  9,  and  the  associated  maximum  deflection,  Xm,  for  a  beam 

are  illustrated  in  figure  5-3.  As  shown,  9  is  the  angle  between  the  chord 
joining  the  supports  and  the  point  on  the  element  where  the  deflection  is  a 
maxi  mum . 

5-1 6  5  Limiting  Deformations  for  Beams 


A  steel  beam  element  may  be  designed  to  attain  large  deflection?  corresponding 
to  12  degrees  support  rotation.  To  assure  the  integrity  of  the  beam  element, 
it  must  be  adequately  braced  to  permit  this  high  level  of  ductile  behavior. 
In  no  case,  however,  shall  the  ductility  ratio  exceed  20. 


A  limiting  support  rotation  of  2  degrees,  as  well  as  a  limiting  ductility 
ratio  of  10  (whichever  governs)  are  specified  as  reasonable  estimates  of  the 
absolute  magnitude  of  the  beam  deformation  where  safety  for  personnel  and 
equipment  is  required.  These  deformations  are  consistent  with  maintaining 
structural  integrity  into  the  plastic  range.  Adequate  bracing  shall  be 
present  to  assure  the  corresponding  level  of  ductile  behavior. 
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The  Interrelation*^! p  between  the  various  parameter?  involved  In  the  design  of 
beam?  is  readily  described  in  the  Idealized  resistance-deflection  curve  shown 
in  figure  5-^.  In  that  figure,  the  value?  shown  for  the  ductility  ratio,  g, 
and  the  support  rotation  9,  are  arbitrary.  For  example,  the  deflection 
corresponding  to  a  2-degree  support  rotation  can  be  greater  than  that 
corresponding  to  a  ductility  ratio  of  10. 

5-16.6  Application  of  Deformation  Criteria  to  a  Frame  Structure 

In  the  detailed  analysis  of  a  frame  structure,  representat ion  of  the  response 
by  a  single  quantity  is  not  possible.  This  fact  combined  with  the  wide  range 
and  time-varying  nature  of  the  end  conditions  of  the  individual  frame  member? 
makes  the  concept  of  ductility  ratio  intractable.  Hence,  for  this  case,  the 
response  quantities  referred  to  in  the  criteria  are  the  sidesway  deflection  of 
each  story  and  the  end  rotation,  9,  of  the  individual  members  with  reference 
to  a  chord  Joining  the  member  ends,  a?  illustrated  in  figure  5~3 .  In 
addition,  in  lieu  of  a  ductility  ratio  criterion,  the  amount  or  inelastic 

deformation  is  restricted  by  means  of  a  limitation  on  the  individual  member 
rotation.  For  members  which  are  not  loaded  between  their  ends,  such  as  an 
interior  column,  0  is  zero  and  only  the  sidesway  criteria  must  be 

considered.  The  maximum  member  end  rotation,  as  shown  In  figure  5“3,  shall  be 

2  degrees.  The  maximum  sidesway  deflection  Is  limited  to  1/25  of  the  story 

height . 

These  response  quantities,  sidesway  deflection  and  end  rotation,  are  part  of 
the  required  output  of  various  computer  programs  which  perform  an  inelastic, 
multl-degree-of-freedom  analysis  of  frame  structures.  These  programs  are 
available  through  the  repositories  listed  in  Section  5“^  and  several  reports 
listed  in  the  bibliography  at  the  end  of  this  volume.  The  designer  can  use 
the  output  of  these  programs  to  check  the  sidesway  deflection  of  each  story 
and  the  maximum  rotation  of  each  member. 

5-16.7  Limiting  informations  for  Plates 

Plates  and  plate-type  structures  c;»n  undergo  large  deformations  with  regard  to 
support  rotations  and  ductilit>  ratios.  The  effect  of  overall  and  local 

instability  upon  the  ultimate  capacity  is  const der'ably  more  important  to 

structural  steel  shapes  than  to  plates.  Depending  upon  the  functional 
requirements  for  a  plate,  the  following  deformation  criteria  should  be 
considered  in  the  design  of  a  plate: 

(a)  large  deflections  at  or  close  to,  incipient  failure. 

(b)  moderate  deflections  where  the  structure  is  designed  to  sustain 
two  or  three  ” incidents”  before  being  non-reusable. 

(c)  limited  deflections  where  performance  of  the  structure  is 

critical  during  the  blast  as  in  the  case  of  a  blast  door 
designed  to  contain  pressure  and/or  fire  leakage. 

(d)  elastic  deflection?  where  the  structure  must  not  sustain 

permanent  deflections,  as  in  the  case  of  an  explosives  test 
chamber . 
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Figure  5-4  Relationship?  between  design  parameters  for  beams 


This  is  a  partial  list  of  design  cons!  derat  ions  for  plates.  It  c*n  be  sue*: 
that  the  designer  must  establish  deformation  criteria  based  on  the  faction  of 
the  plate  or  plate  system. 

A  plate  or  plate-type  structure  may  undergo  a  support  rotation,  as  illustrated 
in  figure  1-22  of  Voltme  [II  of  1 2  degrees.  The  corresponding  allowable 
ductility  ratio  shall  not  exceed  20.  It  should  be  noted  that  higher  design 
stresses  can  be  utilized  when  the  ductility  ratio  exceeds  10  (See  Sec¬ 
tion  5-13-3). 

A  limiting  support  rotation  of  2  degrees  is  specified  as  a  reasonable  estimate 
of  the  absolute  magnitude  of  the  plate  support  rotation  where  safety  for 
personnel  and  equipment  in  an  acceptor- type  structure  is  required.  As  in  the 
deformation  criteria  f o>~  beams,  the  ductility  ratio  shall  not  exceed  10. 

Two  edge  conditions  may  govern  the  deformation  of  plates  in  the  plastic 
region.  The  first  occurs  when  opposite  edges  are  not  built-in.  In  this  case, 
elastic  plate  deflection  theory  and  yield-line  theory  apply.  The  second 
involves  t ensi on-membrane  action  which  occurs  when  at  least  two  opposite  edges 
are  clamped.  In  this  case,  tens  lie- membrane  action  can  occur  before  the  plate 
element  reaches  a  support  rotation  of  12  degrees.  Tensile-membrane  action  of 
built-in  plates  is  not  covered  in  this  volume.  However,  the  designer  can 
utilize  yield-line  theory  for  limited  plate  deflection  problems. 

The  interrelationship  between  the  various  parameters  involved  in  the  design  of 
plates  is  readily  described  in  the  Idealized  r eslstance-deflectlon  curve  shown 
In  figure  5-5.  In  that  figure,  the  values  shown  for  the  ductility  ratio, 
y,and  the  support  rotation,  0,  are  arbitrary.  For  example,  the  deflection 
correspond!  ng  to  a  2-degree  support  rotation  can  be  greater  than  that 
corresponding  to  a  ductility  ratio  of  10. 

5-17  Rebotnd 

Another  aspect  of  dynamic  design  of  steel  structures  subjected  to  blast  load¬ 
ings  is  the  occurrence  of  rebound.  Unlike  the  conditions  prevailing  in  rein¬ 
forced  concrete  structures  where  rebound  consi  derat  l ons  may  not  be  of  primary 
•concern,  steel  structures  will  oe  subjected  to  relatively  large  stress  rever¬ 
sals  caused  by  rebound  and  will  require  lateral  bracing  of  unstayed  compres¬ 
sion  flanges  which  were  formerly  in  tension.  Rebound  is  more  critical  for 

elements  supporting  light  dead  loads  and  subjected  to  blast  pressures  of  short 

duration.  It  is  also  a  primary  concern  in  the  design  of  reversal  bolts  for 
blast  aoors  . 

5-18  Secondary  Modes  of  Failure 

5-18.1  General 

In  the  process  of  designing  for  the  plastic  cr  ductile  mode  of  failure,  it  Is 
Important  to  follow  certain  provisions  in  order  to  avoid  premature  failure  of 
the  structure,  i.e.,  to  Lnsure  that  the  structure  can  develop  its  full  plastic 
r esl stance . 

These  secondary  modes  of  failure  can  be  grouped  in  two  main  categories: 

(1)  Instability  modes  of  failure 
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Figure  5“5  Relationships  between  design  parameters  for  plates 


(2)  Brittle  mode?  of  failure 


5-18,2  Instability  Modes  of  Failure 

In  this  category,  the  problem  of  structural  Instability  at  two  level?  is  of 
concern,  namely,  overall  buckling  of  the  structural  system  as  a  whole,  and 
buckling  of  the  component  elements. 

Overall  buckling  of  framed  structures  can  occur  in  two  essentially  different 
maimers.  In  the  first  case,  the  load  and  the  structure  are  symmetric; 
deformations  remain  also  symmetric  up  to  a  critical  value  of  the  load  for 
which  a  sudden  change  In  configuration  will  produce  instant  anti-symmetry , 
large  sldesway  and  displacement,  and  eventually  a  failure  by  collapse,  if  not 
by  excessive  deformations .  This  type  of  Instability  can  also  occur  In  the 
elastic  domain,  before  substantial  deformation  or  any  plastif ication  has  taken 
place.  It  is  called  •’instability  by  bifurcation”. 

In  the  second  case,  the  loading  or  the  structure  or  both  are  non-symmet rl  o. 
With  the  application  of  the  load,  sldesway  develops  progress!  vely .  In  such 
cases,  the  vertical  loads  acting  throjgh  the  sldesway  displacements,  commonly 
called  "the  P-A  effect",  create  second  order  bending  moments  that  magnify,  In 
turn,  the  deformation.  Because  of  rapidly  Increasing  displacements,  plastic 
hinges  form,  thereby  decreasing  the  rigidity  of  the  structure  arid  causing  more 
sldesway.  This  type  of  instability  is  related  to  a  continuous  deteriorat ion 
of  the  stiffness  leading  to  an  early  failure  by  either  a  collapse  mechanism  or 
excessive  si  desway. 

Frame  instability  need  not  be  explicitly  considered  in  the  plastic  design  of 
one-  and  two-story  unbraced  frames  provided  that  the  individual  columns  and 
girders  are  designed  according  to  the  beam-column  criteria  of  Section  5-37. 
For  frames  greater  than  two  stories,  bracing  Is  normally  required  according  to 
the  AISC  provisions  for  plastic  design  in  order  to  insure  the  overall  sta¬ 
bility  of  the  structure.  However,  if  an  inelastic  dynamic  frame  analysis  is 
performed  to  determine  the  complete  time-history  of  the  structural  response  to 
the  blast  loading,  in  eluding  the  P-A  effects,  it  may  be  established,  in  par¬ 
ticular  leases,  that  lateral  bracing  is  riot  necessary  In  a  frame  greater  than 
two  stories.  As  mentioned  previously,  computer  programs  whicn  perform  an  in¬ 
elastic,  mul ti-degree-of- freedom  analysis  of  frame  structures  may  be  employed 
for  such  an  analysis. 

Buckling  of  an  element  In  the  structure  (e.g.,  a  beam,  girder  or  column)  can 
occur  under  certain  loading  and  end  conditions.  Instability  is  of  two  types, 
namely,  buckling  of  the  member  as  a  whole,  e.g.,  lateral  torsional  buckling, 
and  local  buckling  at  certain  sections,  including  flange  buckling  and  web 
cri ppl ing. 

Provisions  for  plastic  design  of  beams  and  columns  are  presented  in  a  separate 
section  of  this  volume. 

5-18.3  Brittle  Modes  oC  Failure 

Under  dynamic  loading,  there  is  an  enhanced  possibility  that  brittle  fracture 
can  develop  tinder  certain  conditions.  .Since  this  type  of  failure  is  sudden  in 
nature  and  difficult  to  predict,  it  is  very  important  to  diminish  the  risk  of 
such  premature  failure. 
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The  complexity  of  the  brittle  fracture  phenomena  precludes  a  complete  quanti¬ 
tative  definition.  As  a  result,  it  is  impossible  to  establish  simple  rules 
for  design.  Brittle  fracture  will  be  associated  with  a  loss  in  flexural 
resistance. 

Brittle  fractures  are  caused  by  a  combination  of  adverse  cl rcumstances  that 
may  include  a  few,  some,  or  all  of  the  following: 

(1)  Local  stress  concentrations  and  residual  stresses , 

(2)  Poor  welding, 

(3)  The  use  of  a  notch  sensitive  steel, 

(4)  Shock  loading  or  rapid  strain  rate, 

(5)  Low  temperatures  , 

(6)  Decreased  ductility  due  to  strain  aging, 

(7)  The  existence  of  a  plane  strain  condition  causing  a  state  of 
tri-axial  tension  stresses,  especially  in  thick  gusset  plates, 
thick  webs  and  In  the  vicinity  of  welds,  and 

(8)  Inappropri ate  use  of  some  forms  of  connections . 

The  problem  of  brittle  fracture  is  closely  related  to  the  detailing  of  connec¬ 
tions,  a  topic  that  will  be  treated  in  a  separate  section  of  this  volume. 
However,  there  are  certain  general  guidelines  to  follow  in  order  to  minimize 
the  danger  of  brittle  fracture: 

Cl)  Steel  material  must  be  selected  to  conform  with  the  condition 
anticipated  In  service, 

(2)  Fabrication  and  workmanship  should  meet  high  standards,  e.g., 
sheared  edges  and  notches  should  be  avoided,  and  material  that 
has  been  severely  cold-worked  should  De  removed,  and 

(3)  Proportioning  arid  detailing  of  connections  should  be  such  that 
free  movement  of  the  base  material  is  permitted,  stress  concen¬ 
trations  and  triaxtal  stress  conditions  are  avoided,  and  ade¬ 
quate  ductility  is  provided. 

DESIGN  OF  SINGLE  SPAN  AND  CONTINUOUS  BEAMS 


5-19  General 

The  emphasis  In  this  section  Is  on  the  dynamic  plastic  design  of  structural 
steel  beams.  Design  data  have  been  derived  from  the  static  provisions  of  the 
AISC  Speci  f  icati  on  with  necessary  modifications  and  additions  for  blast  de¬ 
sign.  It  should  be  noted  l.iac  all  provisions  on  plastic  design  i  ri  the  AISC 
Specif ication  apply,  except  as  modified  in  this  volume. 

The  calculation  or  the  dynamic  flexural  capacity  of  beams  Is  described  in 
detail.  The  necessary  information  is  presented  for  determining  the  equivalent 
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bilinear  resl stance- def lection  functions  used  in  evaluating  the  basic  flexural 
response  of  beams.  Also  presented  are  the  supplementary  eonsi derations  of 
adequate  shear  capacity  and  local  and  overall  stability  which  are  necessary 
for  the  process  of  hinge  formation,  moment  redistribution  am  inelastic  ninge 
rotation  to  proceed  to  the  development  of  a  full  collapse  mechanism. 

5-20  Dynamic  Flexural  Capacity 

5-20. 1  General 

The  ultimate  dynamic  moment  resisting  capacity  of  a  steel  beam  is  given  by 
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where  f^  Is  the  dynamic  design  stress  (as  described  In  Section  5-13)  of  the 

material  and  Z  is  the  plastic  section  modulus.  The  plastic  section  modulus 
can  be  calculated  as  the  sun  of  the  static  moments  of  the  fully  yielded 
elements  of  the  equal  cross-section  areas  above  and  below  the  neutral  axis, 
i  .e . : 


where 


Z  »  A  m  ♦  A.ni- 
cl  t  2 

Note:  A  to,  -  A.nu  for  a  doubly-syramet ri c  section 

Cl  L  2 

Ac  «  area  of  cross-sect  ion  in  compression 

A^  -  area  of  cross-sect  ion  in  tension 

m 1  •  distance  from  neutral  axis  to  the  centroid 
of  the  area  in  compression 

m^  «  distance  from  neutral  axis  to  the  centroid 
of  the  area  in  tension 
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For  standard  I  -shaped  sections  (3,  W  and  M  shapes),  the  plastic  section 

modulus  is  approximately  1.15  times  the  elastic  modulus  for  strong  axis 
bending  and  may  be  obtained  from  standard  manuals  on  structural  steel  design. 

It  is  generally  assuned  that  a  fully  plastic  section  offers  no  additional  re¬ 
sistance  to  load.  However,  additional  resistance  due  to  strain  hardening  of 
the  material  is  present  as  the  deformation  continues  beyond  the  yield  level  of 
the  beam.  In  the  analysis  of  structural  steel  beams,  it  is  assuned  that  the 
plastic  hinge  formation  is  concentrated  at  a  section.  Actually,  the  plastic 
region  extends  over  a  certain  length  that  depends  on  the  type  of  loading  (con¬ 
centrated  or  distributed)  on  the  magnitude  of  the  deformation,  and  on  the 

shape  factor  of  the  cross-section.  The  extent  of  the  plastic  hinge  has  no 

substantial  influence  on  the  ultimate  capacity;  it  has,  however,  an  influence 
on  the  final  magnitude  of  the  deflection.  For  all  practical  purposes,  the 

assumption  of  a  concentrated  plastic  hinge  is  adequate. 
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In  blast  design,  although  strains  well  Into  the  strain-hardenl ng  range  may  be 
tolerated,  the  corr espondmg  additional  resistance  is  generally  not  sufficient 
to  warrant  analytical  consi  derat  ion  since  excessive  support  rotations  and/or 
ductility  ratios  of  beams,  which  are  susceptible  to  local  flange  or  lateral 
torsional  buck;  ing,  a»*e  not  recommended. 

5-20.2  Moment-curvature  Relationship  for  Beams 

Figure  5-6  3hows  the  stress  distribution  at  various  stages  of  deformation  for 
a  plastic  hinge  section.  Theoretically,  the  beam  bends  elastically  until  the 
outer  fiber  stress  reaches  f^  and  the  yield  moment  designated  by  My  is 

As  the  moment  increases  above  My ,  the  yield  stress 


attained  (figure  5-6a). 


progresses  Inward  from  the  outer  fibers  of  the  section  towards  the  neutral 
axis  as  shown  in  figure  5-6b.  As  the  moment  approaches  the  fully  plastic  mo¬ 
ment,  a  rectangular  stress  distribution  as  shown  in  figure  5-6c  is 
approached.  The  ratio  between  the  fully  plastic  moment  to  the  yield  moment  is 
the  shape  factor,  f,  for  the  section,  i.e.,  the  ratio  between  the  plastic  and 
elastic  section  moduli. 

A  representat  i  ve  moment-cur  vat  ure  relationship  for  a  simpl  y-supported  steel 
beam  is  shown  in  figtre  5-7.  The  behavior  is  elastic  until  the  yield  moment 

My  is  reached.  With  further  increase  in  load,  the  cur  vat 'ire  Increases  at  a 
greater  rate  as  the  fully  plastic  moment  value,  M2»  is  approached.  Following 

the  attainment  of  M2»  the  curvature  increases  si  gni  f  ioantly ,  with  only  a  small 
increase  in  moment  capacity. 

For  design  purposes,  a  bilinear  representat  i  on  of  the  moment-cur  vat  or  e  rela¬ 
tionship  is  employed  as  shown  by  the  dashed  lines  in  figure  5-7.  For  beams 
with  a  moderate’  design  ductility  ratio  (p  S  3).  the  design  moment  Mp  -  M1 . 

For  beams  with  a  larger  design  ductility  ratio  (u  >  3)»  the  design  moment 
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5-20.3  Design  Plastic  Moment , 

f 

The  equivalent.  plastic  design  moment  shalL  be  computed  as  follows: 
Fo~  beams  with  ductility  ratios  less  than  or  equal  to  3: 


M 


(S  *  Z)/2 


p  1  els 

where  3  and  Z  are  the  clastic  and  plastic  section  moduli,  respectively. 
Fo~  beams  with  ductility  ratios  greater  than  3  and  beam  columns: 


5-7 
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equation  5-7  is  consistent  with  test  results  for  beams  with  moderate  ductil¬ 
ities.  Fo~  beams  which  are  allowed  *  j  undergo  large  ductilities,  equation 
5-3,  based  up)n  full  plas ti  r Icat i on  of  the  section,  is  co*isidered  reasonable 
,  or  design  purposes. 
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Figure  5*6  Theoretical  stress  distribution  for  pure  bending  at 
various  stages  of  dynamic  loading 
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Figure  5~7  Moment-curvature  diagram  for  simple-supported, 
dynamically  loaded,  I-shaped  beams 
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It  is  Important  to  note  that  the  above  pertains  to  beams  which  are  supported 
against  buckling.  Design  provisions  for  guarding  agairist  local  arid  overall 
buckling  or  beams  during  plastic  deformation  are  discussed  in  Sections  5-2*J, 
5-25  and  5-26. 

5-21  Resistance  and  Stiffness  Functions 

5-21.1  General 

The  si ngle-degree-of- freedom  analysis  which  serves  as  the  basis  for  the  flex¬ 
ural  response  calculation  requires  that  the  equivalent  stiffness  and  ultimate 

resistance  be  defined  for  both  single-span  beams  and  continuous  beams.  The 

ultimate  resistance  values  correspond  to  developing  a  full  collapse  mechanism 
in  each  case.  The  equivalent  stiffnesses  correspond  to  load-def lect Lon  rela¬ 
tionships  that  have  been  idealized  as  bilinear  filiations  with  Initial  slopes 
so  defined  that  the  areas  under  the  idealized  load  deflection  diagrams  are 
equal  to  the  areas  under  the  actual  diagrams  at  the  point  of  inception  of 

fully  plastic  behavior  of  the  beam.  This  concept  is  covered  in  Section  3-13 

of  Volume  III. 

5-21.2  Single-span  Beams 

Formulas  for  determining  the  stiffness  and  resistance  for  one-way  steel  beam 
elements  are  presented  in  tables  3-1  and  3-8  of  Volume  III.  The  valjes  of  M 
in  table  3-1  represents  the  plastic  design  moment,  Mp.  For  exa*nple,  the  value 

of  ru  for  the  f  i  xed-simple ,  uniformly  loaded  beam  becomes  ry  -  1 2  Mp/L2. 

5-2 1.3  Multi  - span  Beams 

The  beam  relat  ionshi  ps  for  defining  the  bilinear  resistance  function  for 
multi-span  continuous  beams  under  uniform  loading  are  summarized  below.  These 
expressions  are  predicated  upon  the  formation  of  a  three-hinge  mechanism  in 
each  span.  Maximum  economy  normally  dictates  that  the  span  lengths  and/or 
member  sizes  be  adjusted  such  that  a  mechanism  forms  slraul taneously  in  all 
«pans . 


It  must  be  noted  that  the  development  of  a  mechanism  in  a  particular*  span  of 
a  continuous  beam  assumes  compatible  stiffness  properties  at  the  end  supports. 
If  the  ratio  of  the  length  of  the  adjacent  spans  to  the  span  being  considered 
is  excessive  (say,  greater  than  3) »  it  may  not  be  possible  to  reach  the  limit 
load  without  the  beam  failing  by  excessive  deflection. 

For  unlf ormly-distri buted  loading  on  equal  spans  or  spans  which  do  not  differ 
in  length  by  more  than  20  percent ,  the  following  relat  ionshi  ps  can  be  used  to 
define  the  bilinear  resistance  function: 

Two-span  continuous  beam: 

Ru  “  rubL  *  12  Mp/L  5-9 

Ke  -  163  EI/L3  5-10 


Exterior  span  of  continuous  beams  with  3  or  more  spans: 
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Ru  -  rubL  -  11.7M  /L 
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Kg  -  143EI/L3 


5-12 


Interior  span  of  continuous  beam  with  3  or  more  spans: 


R  -  p  bL  ■  16.0M  /L 
u  u  p 


5-13 


K£  -  300EI/L' 
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For  design  situations  which  do  not  meet  the  required  conditions,  the  bilinear 
resistance  function  may  be  developed  by  the  application  of  the  basic  proce¬ 
dures  of  plastic  analysis. 


5-22 


Design  for  Flexure 


5-22.1  Genera  2 


The  design  of  a  structure  to  resist  the  blast  of  an  accidental  explosion  con¬ 
sists  essentially  of  the  determination  of  the  structural  resistance  required 
to  limit  calculated  def Lections  to  within  the  prescribed  maximum  values  as 
outlined  in  Section  5-35.  In  general ,  the , resistance  and  deflection  may  be 
computed  on  the  basis  of  flexure  provided  that  the  shear  capacity  of  the  web 
is  not  exceeded.  Elastic  shearing  deformations  of  3teel  members  are  negli¬ 
gible  ns  long  as  the  depth  to  span  ratio  is  less  than  about  0.2  and  hence,  a 
flexural  analysis  is  normally  sufficient  for  establishing  maximun  deflections. 

5-22.2  Response  Charts 

Dynamic  response  charts  for  one-degree-of-freedora  systems  in  the  elastic  or 
elasto-pla* ti  c  range  under  various  dynamic  loads  are  given  in  Volume  III.  To 
use  the  charts,  the  effective  natural  period  of  vibration  of  a  structural 
steel  bean  must  be  determined.  The  procedures  for  determining  the  natural 
period  of  vibration  for  one-way  elements  are  outlined  in  Section  3-17.  M  of 
Volune  (II.  Equation  5-15  can  be  used  to  determine  the  natural  period  of 
vibration  for  any  system  for  which  the  total  effective  mass,  Me,  and 
equivalent  elastic  stiffness,  are  known: 


5-15 


5-22.3  Pceli ninary  Dynamic  Load  Factors 

For  preliminary  flexural  design  of  beams  situated  in  low  pressure  range,  it  Is 
suggested  that  an  equivalent  static  ultimate  resistance  equal  to  the  peak 
blast  pressure  be  used  for  those  beams  designed  for  2  degrees  support 
rotation.  For  large  support  rotations,  a  preliminary  dynamic  load  factor  of 
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0.5  i*  recommended.  Since  the  duration  of  the  loading  for  low  pressure  rang*, 
will  generally  be  the  same  or  longer  than  the  period  of  vibration  of  the 
structure,  revisions  to  this  preliminary  design  from  a  dynamic  analysis  will 
usually  not  b*-  substantial.  However,  for  structures  where  the  loading 
envi ronmeut  pressure  is  such  that  the  load  duration  is  short  as  compared  wit’, 
the  period  of  vibration  of  the  structure,  this  procedure  may  result  In  a 
substantial  overestimate  of  the  required  resistance. 

5-22. H  Additional  Considerations  in  Flexural  Design 

Once  a  dynamic  analysis  is  performed  on  the  single  spar,  or  continuous  beam, 
the  def ormatlons  must  be  checked  with  the  limitations  set  In  the  criteria. 
The  provisions  for  local  buckling,  web  crippling  and  lateral  bracing  must  be 
met.  The  deformation  criteria  for  beam  elements  including  purl  i  ns ,  spandrels 
and  gi^ts  Is  summarized  in  Section  5-35. 

The  rebound  behavior  of  the  structure  nan  not  be  overlooked.  The  information 
required  for  calculating  the  elastic  rebound  of  structures  is  contained  in 
figure  3-268,  The  provisions  for  local  buckling,  lateral  bracing,  as  outlined 
in  subsequent  sections  of  this  volume,  shall  apply  !  ri  the  design  for  rebound. 

5-23  Design  for  Shear 

Shearing  forces  are  of  significance  in  plastic  design  primarily  because  of 
their  possible  Influence  on  the  plastic  moment  capacity  of  a  sr.eel  member.  At 
points  where  large  bending  moments  and  shear  forces  exist,  the  assumption  of 
an  Ideal  elasto-plas ti c  stress-strai  n  rel ationsht  p  Indicates  that  during  tne 
progressive  formation  of  a  plastic  hinge,  there  is  a  reduction  of  tne  web  area 
available  for  shea*".  This  reduced  area  could  result  fn  an  initiation  of  shear 
yielding  arid  possibly  reduce  the  moment  capacity. 

However,  it  has  been  found  experimentally  that  I-shaped  sections  achieve  their 
fully  plastic  moment  capacity  provided  that  the  average  shear  stress  over  the 
full  web  a^ea  is  lass  than  the  yield  stress  In  shear.  This  result  can  basic¬ 
ally  be  attributed  to  the  fact  that  I  -shaped  sections  c^rry  moment  predomi¬ 
nantly  through  the  flanges  and  shear  predomi  nantl y  through  the  web.  Other 
oontrl butl ng  factors  include  the  beneficial  effects  of  strain  hardening  and 
tne  fact  that  combinations  of  high  *hear  and  high  moment  generally  occur  at 
locations  where  the  moment  gradient  is  steep. 

The  yield  capacity  of  steel  beams  in  shear  Is  given  by: 


where  Vp  is  the  shear  capacity,  r^v  is  the  dynamic  yield  stress  in  shear  of 
the  steel  (eq.  5-*0  ,  and  Aw  is  the  area  of  the  web.  For  I-shaped  beams  and 

similar  ''lexural  members  with  thin  webs,  only  the  web  area  between  flange 
plates  should  be  used  in  calculating  Aw* 

For  several  parti  oula~  load  arid  support  conditions,  equations  for  the  support 
shears,  V,  for  one-way  elements  are  given  !n  table  3-9  of  Volume  [II.  As  dis¬ 
cussed  atove,  as  long  as  the  acting  shear  V  does  not  exceed  V  ,  I-shaped 


E 


mm 


sections  can  be  considered  capable  of  achieving  their  full  plastic  moment.  If 
V  is  greater  than  Vp,  the  web  area  of  the  chosen  section  Is  inadequate  and 

either  the  web  must  be  strengthened  or  a  different  section  should  be  selected. 

However,  for  cases  where  the  web  Is  being  reLied  upon  to  ca^ry  a  significant 
portion  of  the  moment  capacity  of  the  section,  such  as  rectangular  cross- 
section  beans  or  built-up  sections,  the  Influence  of  shear  on  the  available 
moment  capacity  must  be  considered  as  treated  In  Section  5-31. 

5-24  Local  Buckling 

In  order  to  insure  that  a  steel  beam  will  attain  fully  plastic  behavior  and 
attain  the  desired  ductility  at  plastic  hinge  locations,  it  is  necessary  that 
the  elements  of  the  beam  section  meet  minimise  thickness  requi renents  suffi¬ 
cient  to  prevent  a  local  buckling  failure.  Adopting  the  plastic  design  re¬ 
quirements  of  tne  AISC  Specif icat i on,  the  wi dth- thi ckness  ratio  for  flanges  of 
rolled  I-  and  W- shapes  and  similar  built-up  single  web  shapes  that  would  be 
subjected  to  compression  involving  plastic  hinge  rotation  shall  not  exceed  the 
following  values: 


(ksi ) 

bf/2t 

36 

3.5 

HZ 

8.0 

“5 

7.  H 

50 

7.0 

55 

6.6 

60 

6-3 

65 

6.0 

where  fy  i*  the  specified  minimum  static  yield  stress  for  the  steel  (table  5“ 
1),  D*  is  the  Hange  width  and  t ^  is  the  flange  thickness. 


The  wi  dth-thi  ckness  ratio  of  similarly  compressed  flange  plates 

Vo 

tious  and  cover'  plates  shall  not  exceed  l90/(f^)  <  For  this 

width  of  a  cover  plate  shaLl  be  taken  as  the  distance  between 
line:',  of  connect! ng  ri vets ,  hi gh-streugth  bol  ts  or  welds. 


In  box  sec- 
purpose,  the 
longitudinal 


The  depth- thickness  ratio  of  webs  of  members  subjected  to  plastic  bending 
shall  not  exceed  the  value  given  by  Equation  5-17  or  5—  1 3  as  applicable. 


'here 
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d  257  .  '?  >0.27 

—  *  -  when  — 

w  r  y 
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the  applied  compressive  load 


5-17 

5-13 


D 

*y 


the  plastic  axial  load  equal  to  the  cross-sectional 
area  times  the  specified  minimum  static  yield  stress,  fy 


These  equations  which  are  applicable  to  local  buckling  under  dynamic  loading 
have  been  adopted  from  the  A  ISC  provisions  for  static  loading.  However,  si*.  >» 
the  actual  process  of  bucKl  ing  takes  a  finite  period  of  time,  the  member  mu®1; 
accelerate  laterally  and  the  mas?  of  the  member  provides  an  Inertial  for ?e  re¬ 
tarding  this  acceleration.  For  this  reason,  loads  that  might  otherwise  cause 
failure  may  be  applied  to  the  members  for  very  short  duration?  if  they  are  re¬ 
moved  before  the  buckling  has  occurred.  Hence ,  It  is  appropriate  and  conser¬ 
vative  to  apply  the  criteria  developed  for  static  loads  to  the  case  of  dynamic 
loading  of  relatively  short  duration. 

These  requirements  on  cross-sect i  on  geometry  should  be  adhered  to  In  the  de¬ 
sign  of  all  members  for  blast  loading.  However,  in  the  event  that  it  is  nec¬ 
essary  to  evaluate  the  load-carryl .ng  capacity  of  an  existing  structural  member 
which  does  not  meet  these  provisions,  the  ultimate  capacity  should  be  reduced 
in  accordance  with  the  recommendat l ons  made  in  the  Commentary  and  Append! x  C 
of  the  AISC  Specification. 

5-25  Web  Crippling 

Since  concentrated  loads  arid  reactions  along  a  short  length  of  flange  are 
carried  by  compressive  stresses  In  the  web  of  the  supporting  member,  local 
yielding  may  occur  followed  by  crippling  or  crumpling  of  the  web.  Stiffeners 
bearing  against  the  flanges  at  load  points  and  fastened  to  the  web  are  usually 
employed  in  such  situations  to  provide  a  gradual  transfer  of  thus  a  forces  to 
the  web . 

Provisions  for  web  stiffeners,  as  given  in  Section  1.15.5  of  the  AISC  Specifi¬ 
cation,  should  be  used  in  dynamic  design.  In  applying  these  provisions,  fy 

should  be  taken  equal  to  the  specified  static  yield  strength  of  the  steel. 

5-26  lateral  Bracing 

5-26.1  General 

Lateral  bracing  support  is  often  provided  by  floor  beams,  Joists  or  purl  in? 
which  frame  Into  the  member  to  be  braced.  The  unbraced  .lengths  (1^, 

defined  In  Sections  5-26.2  and  5-26.3)  are  either  fixed  by  the  spacing  of  the 
purllas  and  girts  or  by  the  spacing  of  supplementary  bracing. 

When  the  compression  flange  is  securely  connected  to  steel  decking  or  siding, 
this  will  constitute  adequate  lateral  bracing  inmost  cases.  In  addition,  In¬ 
flection  points  (points  of  oontraf  lexure)  can  be  consi  dared  as  braced  points. 

Members  built  into  a  masonry  wail  and  having  their  web  perpendicular  to  this 
wall  can  be  assumed  to  be  laterally  supported  with  respect  to  thei~  weak  axis 
of  bending.  In  addition,  points  of  contrafle xure  can  be  considered  as  braced 
points,  if  necessary. 

Members  subjected  to  bending  about  their  3trong  axis  may  be  susceptible  to 
lateral-torsional  buckling  in  the  direction  of  the  weak  axis  if  their  com¬ 
pression  flange  is  not  laterally  braced.  Therefore,  in  order  for  a  piastic- 
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ally-designed  member  to  reach  Its  collapse  mechanism,  lateral  supports  must  be 
provided  at  the  plastic  hinge  locations  and  «t  a  certain  distance  from  the 
hinge  location.  Rebound,  which  constitutes  str«ss  reversals,  is  an  important 
consideration  for  lateral  bracing  support. 

5-26.2  Requirements  for  Members  with  u  6  3 

Since  members  with  the  design  ductility  ratios  less  than  or  equal  to  3  undergo 
moderate  amounts  of  plastic  deformation,  the  bracing  requirements  are  somewhat 
less  stringent. 

For  this  case,  the  following  relationship  may  be  used: 


where 

i  »  distance  between  cross-sect  ions  braced  against  twist 
or  lateral  displacement  of  the  compression  flange, 


r^  -  radius  of  gyration  of  a  section  comprising  the  compression 
flange  plus  one-third  of  the  compression  web  area  taken 
about  an  axis  in  the  plane  of  the  web,  and 

C.  -  bending  coefficient  defined  in  Section  1.5.1.**.  5 
of  the  AI3C  Specif i cat  ion 


5-26.3  Requirements  fnr  Members  Wlt-h  u  >  3 


In  order  to  develop  the  full  plastic  moment,  for  members  with  design  duc¬ 
tility  ratios  greater  than  3t  the  distance  from  the  brace  at  the  hinge  loca¬ 
tion  to  the  adjacent  braced  points  should  not  be  greater  than  l„r  as  deter¬ 
mined  from  either  equation  5-20  or  5-21,  as  applicable: 


where 


1375 

fds 


25  when 


M 

P 


0.5 


1375 

fds 


when 


0.5 


1 .0 


5-20 


5-21 


-  the  radius  of  gyration  of  the  member  about  Its  weak  axis 

M  *  the  lesser  of  tne  moments  at  the  ends  of  the  unbraced  segment 
M 

—  -  the  end  moment  ratio.  The  moment  ratio  is  positive  when 
p  the  segment  is  bent  in  reverse  curvature  and  negative  when 
bent  in  single  curvature. 


6  critical  length  correction  factor  (See  Figure  5-8} 
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CRITICAL  LENGTH  CORRECTION  FACTOR, 


DUCTILITY  RATIO,  Xm/XE 


Figure  5-8  Values  of  8  for  use  in  equations  5-20  and  5-21 
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The  critical  length  correction  factor,  8,  account*  for  the  fact  that  the 
required  spacing  of  bracing,  lQp,  decreases  with  increased  ductility  ratio. 

For  example,  for  a  particular  member  with  ry  -  2  in.  and  fd3  -  51  ksi  and 

using  the  equation  for  M/Mp  «  0,  we  get  iQp  -  71.7  in.  for  p  -  6  and  - 

39.7  in.  for  p  »  20. 

5-26.  Requirements  for  Elements  Subjected  to  Rebound 

The  bracing  requirements  for  non-ylelded  segments  of  members  and  the  bracing 
requirements  for  members  in  rebound  can  be  determined  from  the  following  rela¬ 
tionship: 


'  U/rV 

f  .  ,.67  [2/3  -  i - - ]  f 

1530  *  io3C. 


5-22 


where 


f  -  the  maximum  bending  stress  in  the  member,  and 
in  no  case  greater  than  f  . 

uS 


When  f  equals  fd<%,  this  equation  reduces  to  the  Z/rT  requirement  of  equation 
5-19. 

5-26.5  Requirements  for  Bracing  Members 

In  order  to  function  adequately,  the  bracing  member  must  meet  certain  minimum 
requirements  on  axial  strength  and  axial  stiffness.  These  requirements  are 
quite  minimal  In  relation  to  the  properties  jC  typical  framing  members. 

Lateral  braces  should  be  welded  or  securely  bolted  to  the  compression  flange 
and,  In  addition,  a  vertical  stiffener  should  generally  be  provided  at  bracing 
points  where  concentrated  vertical,  loads  are  also  being  transferred.  Plastic 
blag**  locations  within  uniformly  loaded  spans  do  not  generally  require  a  stif¬ 
fener.  Examples  of  lateral  bracing  details  are  presented  in  figure  5-9. 


DESIGN  OF  PLATES 


5-27  General 

The  emphasis  in  this  section  is  on  the  dynamic  plastic  design  of  plates .  As 
in  the  case  for  simply  supported  and  continuous  beams,  design  data  have  been 
deri/ed  from  the  stati  n  i  '/iMoris  of  the  AISC  Specif  ioatlon  with  necessary 
modi f icat ions  and  additions  for  blast  design. 

This  section  covers  the  dynamic  flexural  capacity  of  plates,  as  well  as  the 
necessary  information  for  determining  the  equivalent  bilinear  resistance- 
•Inflection  functions  u**en  in  evaluating  the  flexural  response  of  plates.  Also 
^resented  is  the  supplementary  consideration  of  adequate  shear  capacity  at 
negative  yield  lines. 
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BOLTED  CONTINUOUS  CONNECTION 


BOLTED  DISCONTINUOUS  CONNECTION 


WELDED  CONTINUOUS  CONNECTION  WELDED  DISCONTINUOUS  CONNECTION 


TIED  BOTTOM  FLANGE  CONNECTION 
Figure  5-9  Typical  lateral  bracing  details 
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5-28 


Dynamic  Flexural  Capacity 


As  is  the  case  for  standard  I  -shaped  sections,  the  ultimate  dynamic  moment- 
resisting  capacity  of  a  steel  plate  is  a  function  of  the  elastic  and  plastic 
moduli  and  the  dynamic  design  stress.  For  plates  or  rectangular  cross-section 
beams,  the  plastic  section  modulus  is  1.5  times  the  elastic  section  modulus. 

A  representati ve  moment-cur  vature  relationship  for  a  simply- supported  steel 
plate  is  shown  in  figure  5-10.  The  behavior  is  elastic  until  a  curvature 
corresponding  to  the  yield  moment  My  is  reached.  With  further  increase  in 

load,  the  curvature  increases  at  a  greater  rate  as  the  fully  plastic  moment 
value,  M£»  Is  approached.  Following  the  attainment  of  Mp,  the  curvature 

increases  while  the  rnanent  remains  constant . 

For  plates  and  rectangular  cross-sect  Lon  beams,  M2  is  50  percent  greater  than 

My  and  the  natire  of  the  transition  from  yield  to  the  fully  plastic  condition 

depends  upon  the  plate  geometry  and  end  conditions.  It  is  recommended  that  a 
capacity  midway  between  My  and  M2  be  used  to  define  the  plastic  design  moment, 

Mp  (M  j  in  figure  5-11),  for  plates  and  rectangular  cross-sect  Lon  beams. 

Therefore,  for  plates  with  any  ductility  ratio,  equation  5-7  applies. 

5-29  Resistance  and  Stiffness  F inct Lons 

Procedures  for  determining  stiffness  aid  resistance  factors  for  one-  and  two- 
way  plate  elements  are  outlined  In  Volume  II C.  These  factors  are  based  upon 
elastic  deflection  theory  and  the  yield-line  method,  and  are  appropriate  for 
defining  the  stiffness  and  ultimate  load-carrying  capacity  of  ductile  struc¬ 
tural  steel  plates.  In  applying  these  factors  to  steel  plates,  the  modulus  of 
elasticity  should  he  taken  equal  to  29,600,000  psl.  For  two-way  isotropic 
steel  plates,  the  ultimate  unit  positive  and  negati  ve  moments  arc  equal  in  all 
directions;  l .e . 


M  -  M  *  M.  *  M.  *  M 
vi  vp  nn  np  p 

where  Mp  is  defined  by  equation  5-7  and  the  remaining  values  are  ultimate  unit 

moment  capacities  as  defined  in  Section  3“9.3  af  Volume  III.  Since  the 

stiffness  factors  were  derived  for  plates  with  equal  stiffness  properties  in 
each  direction ,  they  are  not  appl  icable  to  the  case  of  orthotropic  steel 
plate*,  such  as  stiffened  plates,  which  have  different  stiffness  properties  in 
each  direction. 

5-30  Design  for  Flexure 

The  procedure  for  the  flexural  design  of  a  steel  plate  is  essentially  the  same 
is  the  design  of  1  beam.  As  fo~  beams,  it  is  suggested  that  preliminary  dy- 
.aml?  load  factors  listed  in  table  5-H  be  used  for  plate  *tructu^es.  With  the 
stiffness  and  ^esL stance  factors  from  Section  *5-29  and  taking  into  account  the 
influence  of  snear  on  the  available  plate  moment  capacity  as  defined  In  Sec- 


■  - 


note:  SEE  FIGURE  5-  7 

FOR  My  ,  M,  AND  M2 


Figure  5-10  Moment-curvature  diagram  Tor  dynamically  loaded  plates 
and  rectangular  cross-section  beams 
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Table  5-*J  Pre]  Iminary  Dynamic  Load  Factors  for  Plate? 


Deflection 
Magni tude 

Deformation* 

- 1 

DLF 

0  max 

\i  max 

Snail 

2  • 

5 

1.0 

Moderate 

10 

0.8 

Large 

12 

20 

0.6 

Whi  crie  var  go  vor  ns 
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tion  5-3U  the  dynamic  response  and  rebound  for  a  given  blast  loading  may  be 
determined  from  the  response  charts  in  Volume  III.  It  should  be  noted  that 
for  u>10,  the  dynamic  design  stress,  incorporat Ing  the  dynamic  ultimate 
stress,  fdu,  may  be  used  (see  equation  5-2). 

5-31  Design  for  Shear 

In  the  design  of  rectangular  plates,  the  effect  of  simultaneous  high  moment 
and  high  shear  at  negative  yield  lines  upon  the  plastic  strength  of  the  plate 
may  be  significant.  In  such  cases,  the  following  interaction  formula  de¬ 
scribes  the  effect  of  the  support  shear,  V,  upon  the  available  moment  capac¬ 
ity,  M: 

M/Mp  -  1  -  (V/Vp)4  5-23 

where  Mp  is  the  fully  plastic  moment  capacity  in  the  absence  of  shea~  calcu¬ 
lated  from  equation  5*7  and  Vp  Is  the  ultimate  shear  capacity  in  the  absence 

of  bending  determined  from  equation  5-16  where  the  web  area,  Aw,  is  taken 
equal  to  the  total  cross-sectional  area  at  the  support. 

For  two-way  elements,  values  for  the  ultimate  support  shears  which  are  applic¬ 
able  to  steel  plates  are  presented  in  table  3-10  of  Volume  ill. 

It  should  bo  noted  that,  due  to  the  inter-relationship  between,  the  support 
shear,  V,  the  unit  ultimate  flexural  resistance,  r  ,  of  the  two-way  element, 

and  the  fully  plastic  moment  resistance,  Mp,  the  determinat Ion  of  the  resis¬ 
tance  of  steel  plates  considering  equation  5-23,  is  not  a  simple  calcula¬ 
tion.  Fortunately,  the  number  of  instance?  when  negative  yLeld  lines  with 
support  shears  are  encountered  for  steel  plates  will  be  limited.  Moreover,  in 
most  applications,  the  V/Vp  ratio  is  such  that  the  available  moment  capacity 

is  at  lea*t  equal  to  the  plastic  design  moment  for  plates  (equation  5-7). 

It  Is  recommended  that  for  a  V/Vp  ratio  on  negative  yield  lines  less  than 

0.67,  the  plastic  design  moment  for  plates,  as  determined  from  equation  5-7, 
should  be  used  in  design.  However,  if  V/Vp  is  greater  than  0.67,  the  influ¬ 
ence  of  shear  on  the  available  moment  capacity  mast  be  accounted  for  by  means 
of  equation  5~23- 

SPECIAL  CONSIDERATIONS  -  BEAMS 
5-32  Unsymmetrical  Bendl ng 

5-32.1  Genera Z 

In  blast  design,  the  number  of  situations  where  unsymmetrlcal  bending  occurs 
is  limited  and  where  encountered ,  it  can  be  treated  without  seriojs  economic 
penalty.  Due  to  the  fact  that  blast  overpressure  1*  act  normal  to  the  sur¬ 
faces  of  a  structure,  the  use  of  doubly-symmetric  cross-sect  Ions  for  purlins 
and  girts  (e.g.,  hot-rolled  S-  and  W-section?  or  cold-formed  channels  used 
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back-to-back)  is  generally  recommended.  In  such  cases,  the  deformation  cri¬ 
teria  for  flexural  members  in  Section  5-22  apply. 

Unsymmetrical  bending  occurs  when  flexural  members  are  subjected  to  transverse 
loads  actJng  in  a  plane  other  than  a  principal  plane.  With  this  type  of  load¬ 
ing: 


1.  The  member's  neutral  axis  Is  not  perpendicular  to  the  plane  of 
loading. 

2.  Stresses  cannot  in  general  be  calculated  by  means  of  the  simple 
bending  formula  (Mc/I). 

3-  The  bending  deflection  does  not  coninoide  with  the  plane  of 
loading  but  is  perpendicular  to  the  inclined  neutral  axis. 

4.  If  the  plane  of  loads  does  not  pass  through  the  shear  center  of 
the  cross-section,  bending  is  also  accompanied  by  twisting. 

Doubly-syrametr ic  S- ,  W-  and  box  sections  acting  as  Individual  beam  elements 
and  subjected  to  bi-axial  bending,  i.e.,  unsymmetrical  bending  without  tor¬ 
sion,  can  be  treated  using  the  procedures  outlined  in  the  following  sections. 

5-32.2  Elastic  and  Plastic  Section  Modulus 

The  Inclination  of  the  elastic  arid  plastic  neutral  axis  through  the  centroid 
of  the  section  can  be  calculated  directl>  from  the  following  relationship  (see 
fig.  5-11): 

tan  a  *  (I  /I  )  tan  <p  5-24 

x  y 

where  a  *  angle  between  the  horizontal  principal 

plane  and  the  neutral  axis 

< p  *  angle  between  the  plane  of  the  load  and  the 
vertical  principal  plane 

and  x  and  y  refer  to  the  horizontal  and  vertical  principal  axes  of  the  cross- 
section. 

The  equivalent  elastic  section  modulus  may  be  evaluated  from  the  following 
equation: 


S  -  ($,  S  )/(S  cos*  *  S  sin*)  5-25 

x  y  y  x 

where  S  *  elastic  section  modulus  about  the  x-axls 

x 

Sy  -  elastic  section  modulus  about  the  y-axis 

The  plastic  section  modulus  can  be  calculated  using  equation  5-6.  With  these 
values  of  the  elastic  and  plastic  section  moduli,  the  design  plastic  moment 
capacity  can  be  determined  from  equation  5-7. 
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Figure  5~11  Biaxial  bending  of  a  doubly-sywnetrlc  section 
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5-32.3 


Equivalent  Elastic  Stiffness 


In  order  to  define  the  stiffness  and  bilinear  resistance  function,  it  is  nec¬ 
essary  to  determine  the  elastic  deflection  of  the  beam.  This  deflection  may 
be  calculated  by  resolving  the  load  into  components  acting  in  the  principal 
planes  of  the  cross-section.  The  elastic  deflection,  6,  is  calculated  a*  the 
resultant  of  the  deflections  determined  by  simple  bending  calculations  in  each 
direction  (see  fig.  5-11).  The  equivalent  elastic  deflection  on  the  bilinear 
resistance  function  Xr,  may  then  be  determined  by  assuming  tnat  the  elastLo 

stiffness  is  valid  up  to  the  development  of  the  design  plastic  moment  capac¬ 
ity,  Mp. 


5-32.^  Lateral  Bracing  and  Recommended  Design  Criteria 

The  bracing  requirements  of  Section  5-26  may  riot  be  totally  adequate  to  permit 
a  biaxially-loaded  section  to  deflect  into  the  inelastic  range  without  prema- 
tjre  failure.  However,  for  lack  of  data,  the  provisions  of  Section  5-26  on 
lateral  bracing  may  be  used  if  the  total  member  end  rotation  corresponding  to 
the  total  deflection  due  to  the  inclined  load  is  limited  to  2  degrees.  In 
addition,  the  actual  details  of  support  conditions  and/or  bracing  provided  to 
such  members  by  the  other  primary  arid  secondary  members  of  the  frame  must  be 
carefully  checked  to  ensure  that  the  proper  conditions  exist  to  permit 
deflections  in  the  inelastic  range. 

5“32.5  Torsion  and  Unsymmetcical  Bending 

The  inelastic  behavior  of  sections  subjected  to  unsymmetrical  bending,  with 
twisting,  is  not  totally  known  at  present.  Consequently ,  the  use  of  sections 
with  the  resultant  load  not  passing  through  the  shear  center  is  not 
recommended  In  plastic  design  of  blast-resistant  structures,  unless  torsional 
constraints  are  provided  for  the  elements.  In  actual  installations ,  however, 
the  torsional  constraint  offered  to  a  pa-1  in  or  girt  by  the  flexural  rigidity 
of  the  floor,  roof  or  wall  panels  to  which  It  is  attached  may  force  the 
secondary  member  to  deflect  in  the  plane  of  loading  with  little  or  no 

torsional  effects.  Under  such  conditions  or  when  some  other  means  of  bracing 
is  provided  to  prevent  torsional  rotation  in  both  the  loading  and  reboaod 
phase**  of  the  response,  such  unsymmetrical l y  loaded  members  may  be  capable  of 
performing  well  in.  the  plastic  range.  However,  because  of  the  limited  data 
presently  available,  there  is  insufficient  basis  for  providing  practical 

design  guidelines  in  this  area.  Hence,  if  a  -case  involving  unsymmetrical 

bending  wl“h  torsion  cannot  be  prevented  in  design,  the  maximum  ductility 
ratio  should  be  limited  to  1.0. 

Furthermore,  special  precautions  may  have  to  be  taken  to  restrict  the 

torsional-flexural  distortion**  that  can  develop  under  unsymmetrical  loading, 
thereby  reducing  the  flexural  caoacity  of  the  member. 

5-33  Steel  Joists  and  Joist  Girders  (Open-web  Steel  Joists) 

0 pc;:-weo  joints  are  commonly  used  as  load-carrying  members  for  the  direct 
support  of  roof  and  floor  deck  in  buildings.  The  design  of  Joists  for  conven- 
ional  loads  is  covered  by  tne  "Standard  Sped  f  i  cations ,  Load  Tables  and 
Weight  Tables  for  Steel  Joists  and  Joist  Girders” ,  adopted  by  the  Steel  Joist 


Institute.  For  blast  design,  all  the  provisions  or  this  Sped  fication  are  in 
force,  except  as  modified  herein. 

These  joists  are  manufactured  using  either  hot-rolled  or  cold-formed  steel.  H- 
Series  joists  are  composed  of  50-ksl  steel  in  the  chord  manbers  and  either  36 
ksl  or  50-ksl  steel  for  the  web  sections.  LH  Series,  DLH  Series  and  Joist 
girders  are  composed  of  joist  chords  or  web  sections  with  a  yield  strength  of 
at  least  36  ksl,  but  not  greater  than  50  ksi. 

Standard  load  tables  are  available  for  simply-supported ,  unif orml y-loaded 
Joists  supporting  a  deck  and  so  cons tructed  that  the  top  'hord  is  braced 
against  lateral  buckling.  These  tables  indicate  that  the  capacity  of  a  par'- 
ticular  Joist  may  be  governed  by  either  flexural  or  shear  (maxiraun  end  reac¬ 
tion)  considerations.  As  discussed  previously,  it  is  preferable  in  blast 
applications  to  select  a  member  whose  capacity  is  controlled  by  flexure  arid 
not  be  shear  which  may  cause  abrupt  failure. 

The  tabulated  loads  Include  a  check  on  the  bottom  chord  as  an  axially-loaded 
tensile  member  and  the  design  of  the  top  chord  as  a  column  or  beam  column. 
The  width- thi okn ess  ratios  of  the  unstiffened  or  stiffened  elenents  of  the 
cross-section  are  also  limited  to  values  specified  in  the  Standard  Specifica¬ 
tions  . 

The  dynamic  ultimate  capacity  of  open-web  joists  may  be  taken  equal  to 
1.7  axe  times  the  load  given  in  the  joist  tables.  This  value  represents  the 
safety  factor  of  1.7  multiplied  by  a  dynamic  Increase  factor,  c,  and  the 
average  strength  increase  factor,  a  (see  Section  5-12). 

The  adequacy  of  the  section  in  rebound  must  be  evaluated.  Upon  calculating 

the  required  resistance  in  rebound,  r/rJ»  using  the  rebouid  chart  in  Volume 

ill  (fig.  3-268),  the  lower  chord  mast  be  checked  as  a  colunn  or  beam  column, 
[f  the  bottom  chord  of  a  standard  Joi^tis  not  adequate  in  rebound,  the  chord 
must  be  strengthened  either  by  reducing  the  unbraced  length  or  by  increasing 
the  chord  area.  The  top  chord  must  be  checked  as  an  axial  tensile  member  but 
inmost  circirostances ,  it  will  be  adequate.* 

The  bridging  members  required  by  the  joist  specif  icat  I  on  should  be  checked  for 
both  the  initial  and  rebound  phase  of  the  response  to  verify  that  they  satisfy 
the  required  spacing  of  compression  flange  bracing  for  lateral  buckling. 

The  Joist  tables  indicate  that  the  design  of  seme  Joists  is  governed  by  shear, 
that  is,  failure  of  the  web  bar  members  in  tension  or  compression  near  the 
supports.  In  such  cases,  the  ductility  ratio  for  the  joist  should  not  exceed 
unity.  In  addition,  the  joist  members  near  the  support  should  be  investigated 
for  the  worst  combination  of  slenderness  ratio  and  axial  load  under  load  re¬ 
versal  . 

For  hot-rolled  members  not  limited  by  shear  cons  i  derat  1  on?  ,  design  docility 
ratios  up  to  the  values  specified  in  Section  5-35  can  be  used.  The  design 
ductility  ratio  of  Joists  with  light  gauge  chord  members  should  be  limited  to 
1.0. 
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The  top  and  bottom  chords  should  be  symmetrical  about  a  vertical  axis.  If 
double  angles  or  bars  are  used  as  chord  members,  the  components  of  each  cnord 
should  be  fastened  together  so  as  to  act  as  a  single  member. 

SPECIAL  CONSIDERATIONS  -  COLD-FORMED  STEEL  PANELS 

5-3*1  Blast  Resistant  Design  of  Cold-formed  Steel  Panels 

5-34.  1  General 

Recent  studies  on  cold- formed  panels  have  shown  that  the  effective  width  rela¬ 
tionships  for  cold-formed  light  gauge  elements  under  dynamic  loading  do  not 
differ  signif  icantly  from  the  static  relatlonshi  ps .  Consequently,  the  recom¬ 
mendations  oresently  contained  In  the  AISI  Specif  [cations  are  used  as  the 
basis  for  establishing  the  special  provisions  needed  for  the  design  of  00 Id- 
formed  panels  subjected  to  bla*t  loads.  Some  of  the  formula-*  of  the 
Specif ication  have  been  extended  to  comply  with  ultimate  load  conditions  and 
to  permit  limited  performance  in  the  Inelastic  range. 

Two  main  modes  of  failure  can  be  recngni  zed ,  one  governed  by  bending  and  the 
other  by  shear.  In  the  case  of  continuous  members,  the  interaction  of  the  two 
influences  plays  a  major  role  in  determining  the  behavior  and  the  til tt mate 
capacity.  Due  to  the  relatively  thin  w^bs  encountered  in  cold-formed  members, 
special  attention  most  also  be  paid  to  crippling  problems.  Basically,  the  de¬ 
sign  will  be  dictated  by  the  capacity  in  flexure  but  subject  to  the  con¬ 
straints  imposed  by  shear  resistance  and  local  stability. 

5-3$. 2  Resistance  in  Flexure 

The  material  properties  of  the  steel  used  in  the  production  of  cold- formed 
steel  panels  conforms  to  ASTM  Specification  A446.  This  standard  covers  three 
grades  (a,  b,  and  o)  depending  on  the  yield  point.  Most  commonly,  panels  are 
made  of  steel  complying  with  the  requir ements  of  grade  a,  with  a  minimun  yield 
point  of  33  ksi  and  an  elongation  of  rupture  of  20  percent  for  a  2- inch  gauge 
length.  However,  it  is  generally  known  that  the  yield  stress  of  the  material 
used  in  the  manufacture  of  cold-formed  panels  generally  exceeds  the  specified 
minimum  yield  stress  by  a  significant  margin;  therefore,  it  is  recommended 
that  a  design  minimum  yield  stress  of  40  ksi  (correspond! ng  to  an  average 
strength  increase  factor  of  a  *  1.21)  be  us*»d  unless  the  actual  yield  stress 
of  the  material  is  known.  For  grades  b  arid  c  which  exhibit  higher  minlraun 
yield  points,  an  average  strength  increase  factor  of  1.21  is  also  recommended. 

In  calculating  the  dynamic  yield  stress  of  cold- formed  steel  panels,  it  is 
recommended  that  a  dynamic  increase  factor,  0,  of  1.1  be  applied  irrespective 
of  actual  strain  rate  and,  consequently,  the  value  of  the  dynamic  design 
stress  to  be  used  is 

f  -  a  x  c  x  f  -  1.21  x  1.1  x  f  -  1.33  f  5-26 

ds  y  y  y 

and  hence,  equals  44  ksi  for  the  particular  case  of  .  33  ksi. 

Ultimate  design  procedures,  combined  with  the  effective  width  concept,  are 
used  In  evaluating  the  strength  of  cold- formed  lig.nt  gauge  elements.  Thus,  a 
characteris ti c  feature  of  cold-formed  elements  is  the  variation  of  their  see- 


-  46  - 


tlon  properties  with  the  intensity  of  the  load.  As  the  load  increases  teyond 
the  level  corresponding  to  the  occurrence  of  local  buckling,  the  effective 
area  of  the  compression  flange  is  reduced;  as  a  result,  the  neutral  axis  moves 
toward  the  tension  flange  with  the  effective  properties  of  the  cross-section 
such  as  A  (area),  I  (moment  of  inertia)  and  S  (section  modulus),  decreasing 
with  load  increase.  The  properties  of  the  panels ,  as  tabulated  by  the 
manuf actur er ,  are  related  to  different  stress  levels.  The  value  of  S  referred 
to  that  of  the  effective  section  modulus  at  ultimate  and  the  value  of  I 
related  to  a  service  stress  level  of  20  ksi  .  In  the  case  of  panels  fabricated 
from  hat  sections  and  a  flat  sheet,  two  section  moduli  a^e  tabulated,  3+  and 
S-,  referring  to  the  effective  section  modulus  for  positive  and  negative 
moments,  r  especti  vely  .  Consequently  ,  the  following  ul  timate  moment  capacities 
are  obtained: 


where 


*up  *  ^ds 

S+ 

5-27 

un  “  ^d3 

s- 

5-28 

M 


up 


ultimate  positive  moment  capacity  for  a 
one-foot  width  of  panel,  and 


M  *  ultimate  negative  moment  capacity  for  a 
one- foot  width  of  panel 

It  should  be  noted  that  in  cases  where  tabulated  section  properties  are  not 

available,  the  required  properties  may  be  calculated  based  upon  the  relation¬ 

ships  in  the  A  IS  I  Design  Specification. 

As  for  any  single-span  flexural  element,  the  panel  may  be  subjected  to  differ¬ 
ent  end  conditions,  either  simply  supported  or  fixed.  The  fixed-fixed  condi¬ 
tion  is  seldom  found  in  practice  since  this  situation  is  difficult  to  achieve 
in  actual  1  nstallatlons .  The  simply  fixed  condition  is  found  because  of  sym¬ 
metry  in  each  span  of  a  two-span  continuous  panel.  For  multi-span  members 
(three  or  mo^e)  ,  the  response  is  governed  by  that  of  the  f  Lrst  span  wnich  is 
generally  char acter i zed  by  a  simply  supported  oonditlon  at  one  support  and  a 
partial  moment  restraint  at  the  other.  Three  typical  cases  can,  therefore,  be 
-,‘onsi  d er  ;d: 

1.  Simply  supported  at  both  ends  (single  span). 

2.  Simply  supported  at  one  end  and  fixed  at  the  ether  (two  equal 

span  continuous  member). 

3.  Simply  supported  at  one  end  and  partially  fixed  at  the  other 
(first  span  of  an  equally  spiced  multi-span  element). 

The  resistance  of  the  panel  Is  a  function  of  both  the  strength  of  the  section 
and  the  maximum  moment  in  the  member. 

The  ability  of  the  panel  to  sustain  yielding  of  its  cross-section  produces 
significant  moment  re-distri bution  in  the  continuous  member  which  results  in 
an  increase  of  the  resistance  of  the  panel. 
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The  behavior  of  col d- formed  steel  sections  in  flexure  Is  non-linear  as  shown 
in  figure  5-12.  To  simulate  the  bilinear  approximation  to  the  resistance- 
deflection  curve,  a  factor  of  0.9  is  applied  to  the  peak  resistance.  There¬ 
fore,  for  design  purposes,  the  recommended  resistance  formula  for  a  simply- 
supported,  single-span  panel  Is  given  by: 


r  -  0.9  x  6  M  /L2  -  7.2  M  / I. }  5-29 

u  up  up 

where  Is  the  resistance  per  unit  length  of  panel,  and  L  Is  the  clear  or 
effective  spin  length. 

The  recommended  resistance  formula  for  a  simply-fixed,  single-span  panel  or 
first  span  of  an  equally  spaced  continuous  panel  is  give:,  by: 


r  -  0.9  x  U  (M  *  &  VL2  -  3. 6  (M  »  2M  J/L2  5*30 

u  un  up  an  up 

5-34.  3  Equivalent  Elastic  Deflection 

As  previously  mentioned,  the  behavior  of  cold-formed  sections  in  flexure  is 
non-linear  as  shown  in  fig  ore  5-12.  A  bilinear  approximation  of  the  resis- 
tanoe-def  lect  l  on  curve  is  assumed  for  design.  The  equivalent  elastic  deflec¬ 
tion  X-  is  obtained  by  using  the  following  equation: 

x_  -  (s^lVei^  5-31 

where  8  Is  a  co  sis  taut  which  depends  on  the  ?upp>rt  conditions  and  whose  values 
arc  as  follows: 


8  *  0.0133  for  a  simply  supported  el  ament 
8  -  0.0052  for  3imply  fixed  or  continuous  elements. 

*20  **  the  effective  moment  of  Inertia  of  the  section  at  a  service 

stress  of  20  k^i .  The  value  of  is  generally  taoulated  as  a  section  prop¬ 
erty  of  the  pmal .  The  /alus  o'*  r~  is  obtained  from  equation  5-29  or  5-30. 

5-34.4  Design  foe  Flexure 

When  performing  a  one- degree- of  freedom  analysis  of  the  panel*?  behavior,  the 
properties  of  the  equivalent  system  oar.  bo  evaluated  by  using  a  load-mass  fac¬ 
tor,  *  0.71*,  which  is  an  average  vai  je  applicable  to  all  support  condi¬ 

tions.  The  natural  pe-iod  of  vibration  for  tho  equivalent  si ngl e- degree  sytem 
’  s  thus  obtained  by  substituting  into  equation  5-15: 


2w  (0.7H  mL/K ,.)1/2 
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Figure  5-12  Rest  stance- deflection  curve  for  a  typical 
cold-formed  section 


where  m  •  w/g  i?  the  unit  mass  of  the  panel,  and 


K  -  r  L/X  is  the  equivalent  elastic  stiffness  cf  the  system 

h  U  t 

5-3*1- 5  Kecommendei  Ductility  Ratios 

Figure  5-12  Illustrates  the  non-linear  character  of  the  resi stance- deflect i on 
curve  and  the  recommended  bilinear  approximation.  The  initial  slope  of  the 
actual  curve  is  fairly  linear  until  it  enters  a  range  of  marked  non-1  inear i  ty 
and,  finally,  a  point  of  instability.  However,  excessive  deflections  cause 
the  decking  to  act  as  a  membrane  in  tension  (solid  curve)  and,  consequently ,  a 
certain  level  of  stability  sets  in.  It  should  be  noted  that,  in  order  to  use 
the  procedure  outlined  In  this  section,  care  must  be  taken  to  adequately 
connect  the  ends  of  the  decking  so  that  it  can  achieve  the  desired  level  of 
tens!  Ofi- membrane  action.  A  discussion  of  connectors  at  end  panels  is 
presented  in  Section  5-^8.  When  tension-membrane  action  is  not  present , 
Increased  deflection  will  result  in  a  significant  drop-off  in  resistance  as 
Illustrated  by  the  dotted  curve  in  figure  5-12. 

Two  limits  of  deformation  are  assigned,  depending  on  end-anchorage  condition 
of  the  panel.  For  panels  having  nominal  end  anchorage,  that  is,  where 
tens! on- membrane  action  Is  minimal,  the  maximum  deflection  of  the  pviel  Is  XQ, 
as  illustrated  in  figure  5-12,  and  is  defined  by: 

X  -  1.75  5-33 

o  c. 

For  panels  with  sufficient  end  anchorage  to  permit  t ension- membrane  action, 
the  maxim ;m  deflection  of  the  panel  is  X^ ,  as  illustrated  in  Figure  5-12,  and 
is  defined  by: 

X  -  6.0  X  5-3« 

m  t 

5-3*1.  6  Recommended  Support  Rotations 

In  order  to  restrict  the  magnitude  of  rotation  at  the  supports,  limitations 

are  placed  on  the  maximum  deflections ,  X(J  and  X^j  as  follow?: 

For  elements  where  tensi  on- membrane  action  is  not  present: 

X  ■»  L/92  or  9  max  -  1.25  degrees.  5-35 

o 

For  elements  where  tensi  on- membrane  action  is  present: 

X  L/92  or  9  nax  -  b  degrees.  5-36 

m 

5-3*1. 7  Rebound 

Appropriate  dynamic  response  charts  for  one- degree- of -freedom  systems  in  the 
elastic  or  ela«to-pI  a**  ti  c  range  *jnder  various  dynamic  loads  are  given  in 

Volune  III.  The  problem  of  rebound  should  be  considered  in  the  design  of 

decking  due  to  the  different  section  properties  of  the  panel,  depending  on 
whether  the  hat  section  or  the  flat  sheet  Is  in  compression .  Figure  5“  13 
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REQUIRED  RESISTANCE  RATIO  FOR  ELASTIC  REBOUND ,  — 
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Figure  5-13  Elastic  rebouid  of  slngle-degree-of-freedora  system 


presents  the  raaxlraun  elastic  resistance  in  rebound  as  a  function  of  T/T^. 

While  the  behavior  of  the  panel  in  rebound  does  not  often  control,  the 
designer  should  be  aware  of  the  problem;  in  any  event,  there  is  a  need  for 
providing  connections  capable  of  resisting  uplift  or  pull-out  forces  due  to 
load  reversal  in  rebound. 

5-34. 8  Resistance  in  Shear 

Webs  with  h/t  in  excess  of  60  are  in  common  use  among  cold- formed  members  and 
the  fabrication  process  makes  it  impractical  to  use  stiffeners.  The  design 
web  stresses  must,  therefore,  be  limited  to  Insure  adequate  stability  without 
the  aid  of  stiffeners,  thereby  preventing  premature  local  web  failure  and  the 
accompanying  loss  of  load-carryi ng  capacity. 

The  possibility  of  web  buckling  due  to  bending  stresses  exists  and  the  cri¬ 
tical  bending  stress  is  given  by  equation  5-37: 

f  »  640,000/ (h/^)2<  r  5-37 

cr  —  y 

By  equating  f  to  32  ksi,  which  is  (a  stress  close  to  the  yielding  of  the 

material,  a  value  h/t  «  141  is  obtained.  Since  it  is  known  that  webs  do  not 
actually  fail  at  these  theoretical  buckling  stresses  due  to  the  development  of 
post-buckling  strength ,  it  can  be  safely  assumed  that  webs  with 

h/t  <  150  win  not  be  susceptible  to  flexural  buckling.  Moreover,  since  the 
AISI  recornmendat ions  prescribe  a  limit  of  h/t  -  150  for  unstiffened  webs,  this 
type  of  web  instability  need  not  be  considered  in  design. 

Panels  are  generally  manufactured  in  geometrical  proportions  which  preclude 
web-shea''  problems  when  used  for  recommended  spaas  and  minimum  support-bearing 
lengths  of  2  to  3  inches.  In  blast  design,  however,  because  of  the  greater 
intensity  of  the  loading,  the  increase  in  required  flexural  resistance  of  the 
panels  calls  for  shorter  spans. 

In  most  eases,  the  shear  capacity  of  a  web  is  dictated  by  instability  due  to 
either 

1.  Simple  shear  stresses  or 

2.  Combined  bending  and  shearing  stresses. 

For  the  case  of  simple  shear  stresses,  as  encountered  at  end  supports,  It  is 
important  to  distinguish  three  ranges  of  behavior  depending  on  the  magnitude 
of  h/t.  ror  large  values  of  h/t,  the  maximum  shear  stress  is  dictated  by 
elastic  buckling  in  shear  and  for  intermediate  h/t  values,  the  inelastic  buck- 
llng  of  the  web  governs;  whereas  for  very  small  values  of  h/t,  local  buckling 
will  not  occur  and  failure  will  be  caused  by  yielding  produced  by  shear 
^tresses.  This  point  illustrated  in  figure  5-14  for  f ^  ,  1414  ksi  .  The 

provisions  of  the  AISJ.  3peci  f  l  cation  in  this  area  are  based  on  a  safety  factor 
ranging  f^om  l.M  to  1.67  depending  upon  h/t.  For  blast- resistant  design,  the 
recommended  design  stresses  for  simple  shear  are  based  on  an  extension  of  the 
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Figure  5-1  ^  Allowable  dynamic  (desijpi)  shear  stresses  for  webs 
of  oold- formed  members  (f  ^  ksi  ) 


A  IS  I  provisions  to  comply  with  ultimate  load  conditions.  The  specific  equa¬ 
tions  for  use  in  design  for  ^ds  •  4*1,  66  and  88  ksi  are  summarized  in  tables 

5-5a,  5~6a ,  and  5 -7a  respectively. 

At  the  interior  supports  of  continuous  panels,  high  bending  moments  combined 
with  large  shear  forces  are  present  and  webs  must  be  checked  for  buckling  due 
to  these  f orces .  The  interaction  formula  presented  in  the  AISI  Specification 
is  given  in  terms  of  the  allowable  stresses  rather  than  critical  stresses 

which  produce  buckling.  In  order  to  adapt  this  interaction  formula  to  ulti¬ 
mate  load  conditions,  the  problem  of  inelastic  buckling  under  combined 
stresses  has  been  considered  In  the  development  of  the  reoommended  design 

data . 

In  order  to  minimize  the  amount  and  complexity  of  design  calculations,  the 

allowable  dynamic  design  shear  stresses  at  the  interior  support  of  a  continu¬ 
ous  member  have  been  computed  for  different  depth- thi ckness  ratios  for  ■ 

44,  66  and  88  ksi,  and  tabulated  in  tables  5-5b,  5-6b,  and  5~7b  respectively. 
5-34.9  *eb  Crippling 

In  addition  to  shear  problems,  concentrated  loads  or  reactions  at  panel  sup¬ 
ports,  applied  over  relatively  short  lengths,  can  produce  load  Intensities 
that  can  cripple  unstiffened  thin  webs.  The  problem  of  web  crippling  is 

rather  complicated  for  theoretical  analysis  because  it  involves: 

1.  Non-uniform  stress  distribution  under  the  applied  load  and  the 
adjacent  portions  of  the  web. 

2.  Elastic  and  inelastic  stability  of  the  web  element. 

3.  Local  yielding  In  the  Intermediate  region  of  load  application. 

4.  The  oendlng  produced  by  the  eccentric  load  (or  reaction)  when 
It  is  applied  on  the  bearing  flange  at  a  distance  beyond  the 
cur  transition  of  the  web. 

The  AISI  recommendations  have  been  developed  by  relating  extensive  experimen¬ 
tal  data  to  service  load3  with  a  safety  factor  of  2.2  which  was  established 
taking  into  account  the  scatter  in  the  data.  For  blast  design  of  cold-formed 
parcels,  it  is  recommended  that  the  AlSt  values  be  multiplied  by  a  factor  of 
1.50  in  order  to  relate  the  crippling  loads  to  ultimate  conditions  with  suffi¬ 
cient  provi  ?i ons  for  scatter  in  test  data. 

For  those  sections  that  provide  a  high  degree  of  restraint  against  rotation  of 
thei~  webs,  the  ultimate  crippling  loads  are  given  as  follows: 

allowable  Jltimate  end  support  reaction 

yu  *  1-5  fdsc2  *  0-558  U','t)1/2I  5-38 

Allowable  ultimate  interior  sjpport  reaction 


- 


Table  5-5  Dynamic  Design  Shear  Stress  for  Webs  of  Cold-formed 
Members  (fd3  -  44  ksi ) 


(a)  Simple  Shear 


(h/t) 

<  57 

''dv  ■  °-50 

f  < 

ds  - 

22.0  ksl 

57  <  (h't) 

<  83 

rav  -  1 .26 

m 

o 

X 

(h/t) 

83  <  (h/t ) 

<  150 

rdv  -  '-07 

x  105/ 

(h/t) 

Combined  Bending  and  Shear 

(h/t) 

rdv  (k*i) 

20 

10.  94 

30 

10. 8*1 

40 

10.72 

50 

10.57 

60 

10.  *12 

70 

10.22 

80 

9.94 

90 

9.62 

100 

9.00 

no 

8.25 

120 

7.43 
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Table  5-6  Dynamic  Design  Shear  Stress  for  Webs  of  Cold-formed 
Members  (fd3  -  66  ksi ) 


(a  Simple  Shear 


(h/t)  <  47 

47  <  (h/t)  <  67 
67  <  (h/t)  <  150 


fdv’0’50  fd3±33  ksl 

-  1 . 5*4  X  1 03/  (h/t ) 
dv 

f  .  -  1 .07  x  105/(h/t) 

dv 


(b)  Combined  Bending  and  Shear 

(h/t) 


20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 


fdv  (k3l) 

16. 41 
1  6.23 
16.02 

15.75 
15.00 
1  4.20 
1  3.00 

11.75 
10.  40 

8.75 

7.43 
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Table  5~7  Dynamic  Design  Shear  Stress  for  Webs  oC  Cold-formed 
Members  (fd3  -  88  kst) 


(a)  Simple  Shear 

(h/t)  <  *11 

*»1  <  (h/t)  <  58 
58  <  (h/t)  <  150 


f .  -  0.50  f  ..  <  4*1  ksi 

a  y  as  — 

fJ  -  1.78  x  103/(h/t) 
av 

f_  -  1.07  x  105/(h/t) 
dv 


(b)  Combined  Bending  and  Shear 

(h/t)  fdv  (ksl) 


20 

21.60 

30 

fO 

o 

o 

JJO 

20.00 

50 

1  8.80 

60 

17.50 

70 

16.00 

80 

14.30 

90 

12.50 

100 

10.75 

110 

8.84 

120 

7.43 
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Qu  -  1.5  fd.t2  [6.66  +  1.H*I6  (N/t)^ 


5-39 


where 


Qu  -  ultimate  support  reaction 
-  dynamic  design  stress 
N  -  bearing  length  (in.) 


t  »  web  thickness  (in) 


The  charts  in  figures  5-15  and  5-16  present  the  variation  of  Qu  as  a  function 

of  the  web  thickness  for  bearing  lengths  from  1  to  5  inches  for  fds  »  ksi 

for  end  and  interior  supports,  respectively.  It  should  be  noted  that  the 
values  reported  in  the  charts  relate  to  one  web  only,  the  total  ultimate 
reaction  t«ing  obtained  by  multiplying  Qu  by  the  number  of  webs  in  the  panel. 

For  design,  the  maximum  shear  forces  and  dynamic  reactions  are  computed  as  a 
function  of  the  maxiraur  resistance  in  flexure.  The  ultimate  load-carrying 
capacity  of  the  webs  of  the  panel  must  then  be  compared  with  these  forces.  As 
a  general  comment,  the  shear  capacity  ir  controlled  for  simply  supported  ele¬ 
ments  and  by  the  allowable  design  shear  stresses  at  the  interior  supports  for 
continuous  panels. 

In  addition,  it  can  be  shown  that  the  resistance  in  shear  governs  only  in 
case*  of  relatively  very  short  spans.  If  a  design  is  controlled  by  shear  re¬ 
sistance,  it  is  recommended  that  another  panel  be  selected  since  a  flexural 
failure  mode  is  generally  preferred. 

5-35  Summary  of  Deformation  Criteria  for  Structural  Elements 

Deformation  criteria  are  summarized  in  table  5-8  for  frames,  beams  and  other 
structural  elements  including  cold-formed  steel  panels,  open-web  Joists  and 
pi  at  es  . 


SPECIAL  CONSIDERATIONS  -  BLAST  DOORS 


5-36 


Blast  Door  Design 


5-36.1  General 

This  sect  i  or:  outlines  procedures  for  the  des  igi  of  steel  blast  doors . 
Analytical  procedures  for  the  design  of  the  individual  elements  of  the  blast 
door  piate  have  been  presented  in  earlier  section  of  this  volume.  In 
addLcion  to  the  door  plate,  door  frames  and  anchorage,  reversal  bolts,  gaskets 
and  door  operators  are  discussed.  Bla*t  doors  are  categorized  by  their 
functional  requirements  and  method  of  opening. 
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MAXIMUM  REACTION  PER  WEB  Qu,  (KIPS) 


16 


— N  =5 
— N  =  4 


0  .04  .08  .12  .16  .20 

SHEET  THICKNESS  (IN.) 


Flgire  5-15  Maximus  end  support  reaction  for  cold-formed  steel 
sections  (f^  -  44  ksl) 
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Figure  5-16  Maximum  interior  support  reaction  for  cold-formed 
steel  sections  (f^  «  M  ksi) 
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Table  5-6  Summary  of  Deformation  Criteria 


Clement 

Highest  level 
of  Protection 
(Category  Mo.) 
(1) 

Additional 

Specifications 

Oefomatlon 
Type  (2) 

1 

Maximum 

Deformation 

Beam?,  purlin?. 

e 

2° 

spandrel?  or 

1 

u 

10 

girts 

0 

12° 

2 

u 

20 

Frame 

1 

<5 

H/25 

structures 

o<3> 

2° 

Cold-formed 

Without  tension- 

0 

1 .25° 

*teel  floor  and 

membrane  action 

y 

1.75 

wall  panels 

With  ten? Ion-membrane 

6 

ljo 

action 

u 

6 

0 

2° 

Operr-web 

1 

u 

joist? 

Joists  controlled  by 

0 

1  ° 

maximum  end  reaction 

u 

1 

Plate? 

1 

0 

2 • 

U 

10 

2 

0 

12° 

V 

20 

9  «  maximum  member  end  rotation  (degree?)  measured  from  the 

chord  Joining  thr  member  end?. 

5  -  relative  sidesway  deflection  between  stories. 

H  -  story  height . 

y  -  ductility  ratio  (Xm/XE) 


• 

to 

as  dei  med 

in  Volume  I 

• 

(2) 

w  hi  che  ver 

go  ver  ns 

(3) 

indi  vid*’al 

frame  member 

• 
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Functions  and  Methods  of  Opening 


5-36.2 

5-36.2.I  Functional  Requirements 

31a*  t  doors  may  be  designed  to  contain  an  accidental  explosion  from  within  a 
structure  so  as  to  prevent  pressure  and  fireball  leakage  and  fragment 
propagat ion.  8la*t  doors  may  also  be  designed  to  protect  personnel  and/or 
equipment  from  the  effect*  of  external  blast  loads.  In  this  case,  a  limited 
amount  of  blast  pressures  may  be  permitted  to  leak  into  the  protected  area. 
In  most  cases,  blast  doors  may  be  designed  to  protect  the  contents  of  a 
structure,  thereby  negating  propagation  when  explosives  are  contained  within 
the  shelter . 

5-36.2.2  Meth&i  of  Opening 

Blast  dx>rs  may  be  grouped  based  on  thei~  method  of  opening,  such  as:  (a) 
single-leaf,  (b)  double-leaf,  (c)  vertical  lift,  and  (d )  horizontal  sliding. 

5-36.3  Design  Considerations 

5-36.3-1  General 

The  design  of  a  blast  door  is  intrinsically  related  to  Its  function  during 
and/ of*  after  an  explosion.  Design  co a* l derations  include  whether  or  not  the 
doo^  should  sustain  permanent  deflections,  whether  rebound  mechani  *ms  or 
fragnent  protection  ie  required  and  whether  pressure  leakage  can  be 
tolerated.  Finally,  the  design  pressure  range  may  dictate  the  type  of  door 
construction  that  is  to  be  used ,  including  solid  steel  plate  or  built-up 
doors . 


5-36.3. 2  Deflections 

A?  seated  in  Section  ’6.7,  plates  can  sustain  a  support  rotation  of  12  degrees 
without  falling.  This  is  applicable  to  blast-  doors  providing  that  the 
resulting  plate  deflection  does  not  collapse  the  door  by  pushing  it  through 
the  opening.  However,  deflections  may  have  to  be  limited  if  the  mechanism 
used  to  open  the  d)or  after  an  explosion  is  required  to  function.  In 
addition.  If  a  bla*t  doo~  Is  designed  with  a  gasket  so  as  to  fully  or  nearly 
ojntaln  the  pr^sare  and  firebill  effects  of  an  explosion,  then  deflect  ions 
should  be  limited  in  order  to  itr»ure  satisfactory  performance  of  the  gasket. 

5-36.3.3  Rebo*md  Mechanisms 

Steel  1>or»  will  be  subjected  to  relatively  large  stress  reversals  caused  by 
r*?bo*r:d.  V.ast  door?  may  have  to  transfer  these  reversal  loads  by  means  of 
retracting  pins  or  "revo-sai  bolts."  There  head*  can  be  mounted  on  any  edge 
(’ides,  Cwp  or  bottom)  of  a  doorplate.  Reversal  bolt*  can  be  designed  as  an 
i  :teg-al  part  of  tae  panic  hardwa-e  assembly  or,  if  taj*>red,  they  can  be 
utilised  in  :omp-e**jng  the  gasket  aroirid  a  periphery.  The  magnitude  of  the 
'••?b  a.  l  for?e  n[  :g  on  tn-  bla^t  doors  is  discussed  later. 

5-36.3.4  Fragment  Protection 

A  pi  ate- type  blast  doo°,  or  the  plate(s)  of  a  built-up  blast  door  may  be  sized 
*  p-uvent  fragnent  pe.netr atlon .  However,  when  the  blast  door  is  subjected  to 
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large  blast  loads  and  fragnents,  a  seppl  eraentar  y  fragment  shield  may  be 
necessary  since  the  combined  effects  of  the  fragments  and  pressures  may  cause 
premature  door  failure  due  to  the  notching  effects  produced  by  the 

fragments.  Procedures  for  ’predicting  the  characters tl cs  of  primary  fragnents 
such  as  impact,  velocity  and  size  of  fragment  a^e  presented  in  Volume  II. 
Methods  for  determining  the  depth  of  penetration  of  fragments  Into  steel  are 
given  in  Section  5-^9. 

5-36. 3*5  leakage  Protection  ( gaskets ) 

Blast  doors  may  be  designed  to  partly  or  fully  contain  the  pressure  and 
fireball  effects  of  an  explosion  in  which  case  gaskets  may  have  to  be  utilized 
around  the  edge  if  a  door  or  its  opening.  A  sample  of  a  gasket  Is  Illustrated 
in  figure  5-17.  This  gasket  will  have  to  be  compressed  by  means  of  a 

hydraul  in  operator  which  is  capable  of  overcoming  a  force  of  125  pound*  per 
linear  inch  of  the  gasket.  This  gasket  is  made  of  neoprene  conforming  to  tKe 
material  callouts  in  Note  2  of  figure  5-17. 

5-36.3.6  Type  of  Construction 

Blast  doors  are  formed  from  either  solid  steel  plate*  or  built-up  steel 
construction . 

Solid  steel  plate  doors  are  usually  used  for  the  high  pressure  ranges  (50  psi 
or  greater)  and  where  the  door  span  is  relatively  short.  Depending  on  plate 

thicknesses,  these  doors  may  be  used  when  fragment  impact  is  critical.  These 

plates  can  range  in  thickness  frcra  one  Inch  and  neater.  For  thick  plates, 
connections  using  high  strength  bolts  or  socket  head  cap  screws  are 
recommended  in  lieu  of  welding.  However,  use  of  bolts  or  screws  must  preclude 
the  passage  of  leakage  pressures  into  or  out  of  the  structure  depending  on  its 
use . 


Built-up  doors  are  used  usually  for  the  low  pressure  range  and  where  long 
spans  are  encountered.  A  typical  built-up  blast  door  may  consist  of  a 
peripheral  frame  made  from  steel  channels  with  horizontal  channels  serving  as 
intermediate  supports  for  the  interior  and/or  exterior  steel  cover  plates. 
The  pressure  loads  mu*t  be  transfered  to  the  channels  via  the  plate.  Concrete 
or  seme  other  material  may  be  placed  between  the  plates  In  order  to  add  mass 
to  the  door  or  increase  its  fragment  resistance  capabilities. 

5-36.  A  Examples  of  Blast  Door  Designs 

5-36.  1  General 

In  order  to  illustrate  the  relati  ons  hi  p  between  the  function  of  a  blast  door 
and  its  design  considerations ,  four  examples  are  presented  in  the  following 
section.  Table  5~9  lists  the  design  requl rements  of  each  of  the  above  door 
e  xara  pi  es  . 


5-36.*. 2  Door  Type  A  (fig.  5-18) 

This  blast  door  is  desired  to  protect  personnel  and  equipment  from  external 
blast  pressures  resulting  from  an  accidental  explosion.  The  door  opening 
measures  8-feet  high  by  8-feet  wide.  It  is  a  built-up  double-leaf  door 
consisting  primarily  of  an  exterior  plate  and  a  thinner  interior  plate  both 
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cn 

i 


.door 

"opening 


CONTINUOUS  GASKET  fa-?.  GASKET  a 

(SHOWN  COMPRESSEO)  J  DOOR  FRAME 


BLAST 

DOOR 


DOOR 

FRAME 

DOOR  GROOVE 


GASKET 


DETAIL 

(TYPICAL  AROUND 

PERIPHERY  OF  DOOR)  NOTES  FOR  GROOVE  8  GASKET 


GASKET  SPLICE 


l  ALL  SURFACES  OF  DOOR  GROOVE  SHALL  BE  MACHINED 
TO  125  MICROINCHES  AND  SHALL  NOT  BE  PAINTED. 

2.  GASKETS  FOR  ALL  DOORS  SHALL  MEET  THE  SPECI¬ 
FICATION  REQUIREMENTS  AS  PER  ASTM  D  2000-77a 
AND  AS  INDICATED  IN  THE  FOLLOWING  LINE  CALL  OUT; 
2BC  520  AI4  BI4  CI2  FI7. 

3.  THE  FORCE  REQUIREO  TO  CLOSE  DOOR  IS  APPROXI¬ 
MATELY  125  POUNDS  PER  LINEAR  INCH  OF  GASKET. 


Figure  5-17  Gasket  detail  for  blast  door 


(a)  -  STRUCTURAL  TUBE 

(£)  -  CHANNEL 

(?)  *  EXTERIOR  PLATE 

(d)  -  INTERIOR  PLATE 

©PINS  FOR  LOAD  TRANSFER 
AND  PANIC  HARDWARE 


(?)  -  REINFORCING  BAR 
@  -  MECHANICAL  ANCHOR 
(H)  -  STIFFENER  PLATE 
(7)  -  BENT  DOOR  FRAME  PLATE 
Q  -  PANIC  HARDWARE 


Figure  5-18  Built-up  double-leaf  blast  door  with  frame  built 
into  concrete 


Table  5~9  Design  Requirements  for  Sample  Blast  Doors 


Door  Description 

Design  Requirements 

Permanent 

Deflection 

Rebound 
Mechani sms 

Fragment 

Protection 

Level  of 
Leakage 
Protection 
Required 

Door 

Figure 

Method 

of 

Opening 

None 

Limited 

Large 

Yes 

No 

Yes 

No 

Low 

High 

A 

5-19 

Doub.1  e-Leaf 

X 

X 

X 

X 

3 

5-20 

Sliding 

X 

X 

X 

X 

C 

5-21 

Single-Leaf 

X 

X 

X 

X 

D 

1 _ 

5-22 

Single-Leaf 

X 

X 

X 

X 
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welded  to  a  grid  formed  by  steel  tubes.  Support  rotations  of  each  eleven* 

(plate,  channel ,  tube)  have  been  limited  to  2  degrees  in  order  to  assure 

successful  operation  of  the  panic  hardware  at  the  door  interior.  The  divert 

blast  load  Is  transferred  from  the  exterior  plate  to  tubular  members  wnj  c^ 
form  the  door  grid.  The  grid  then  transfers  the  loads  to  the  door  frame  at 
the  center  of  the  opening  through  a  set  of  pins  attached  to  the  top  and  bottom 
of  the  center  mulMons  of  the  grid.  At  the  exterior,  the  loads  are 

transferred  to  the  frame  through  the  hinges  which  are  attached  to  the  exterior 
mull  ions  and  the  frame.  The  reversal  loads  are  also  transferred  by  the  pins 
and  by  the  built-up  door  hinges.  The  center  pins  are  also  operated  by  the 
panic  hardware  assembly. 

5-36. *.3  Door  Type  B  (fig.  5-19) 

This  blast  door  is  designed  to  prevent  propagation  from  an  accidental 
explosion  into  an  explosives  storage  area.  It  Is  a  built-up,  sliding  door 
protecting  an  opening  11-feet  high  by  16-feet  wide,  consisting  of  an  exterior 
plate  and  a  thinner  interior  plate.  These  plates  are  welded  to  vertical 
S-shapes  which  are  spaced  at  15-inch  intervals.  This  door  is  designed  to  act 
as  a  one-way  member,  spanning  vertically.  Since  flange  buckling  of  the 
5-shapes  is  prohibited  in  the  presence  of  the  outer  and  Inner  plates  acting  as 
braces,  the  composite  beam-plate  arrangement  is  designed  fo~  a  support 

rotation  of  12  degrees.  The  yield  capacity  of  the  webs  of  the  S-shape*  in 

shear  (eq.  5-’6),  as  well  as  web  crippling  (Section  5-25),  had  to  be 

considered  in  the  design.  This  doo^  has  not  been  designed  to  resist  reversal 
or  rebound  forces. 

5-36.4.4  Door  Type  C  (fig.  5-20) 

This  single-leaf  blast  door  is  designed  as  part  of  a  containment  cell  which  is 
used  In  the  repeated  testing  of  explosives.  The  door  opening  measures  4’-6n 
wide  by  7* -6"  high.  It  is  the  only  door.  In  these  samples,  designed 

elastically  since  it  is  subjected  to  repeated  blast  loads.  It  consists 
primarily  of  a  thick  steel  door  plate  protected  from  test  fragments  by  a  mild 
steel  fragment  shield.  It  is  designed  as  a  simply-supported  (four  sides) 
plate  for  direct  internal  loads  and  as  a  one-way  element  spanning  the  fio r 
width  for  rebound  loads.  It  is  equipped  with  a  neoprene  gasket  around  t^e 
periphery  (figure  5-17)  as  well  as  a  series  of  six  reversal  bolts  designed  to 
transfer  the  rebound  load  into  the  door  frame.  The  large  thickness  of  the 
d cor  plate  warrants  the  use  of  hi gh-strength ,  socket  head  cap  screws  in  lieu 
of  welding  to  connect  the  plate  to  the  reversal  bolt  housing  as  well  as  to  the 
fragnent  shield. 

5-36.4. 5  Door  Type  D  (fig.  5-21) 

This  single- leaf  blast  door  is  designed  as  part  of  a  containment  structure 
which  is  used  to  protect  nearby  personnel  and  structures  ir.  the  event  of  an 
accidental  explosion.  The  door  opening  measures  four  feet  wide  by  seven  feet 
high.  It  is  designed  as  simply-supported  on  four  sides  for  direct  load  and  as 
a  o ne-way  element  spanning  the  door  »*;.ch  for  rebound  loads.  It  is  equipped 
with  a  neoprene  gasket  around  the  periphery  and  a  series  of  six  reversal  bolts 
which  transfer  the  rebound  load  to  the  door  frame.  The  reversal  bolt  housing 
and  bearing  blocks  are  welded  to  the  door  plate.  Excessive  deflections  of  the 
door  plate  under  blast  loading  would  hamper  the  sealing  capacity  of  the 
gasket.  Consequently ,  the  door  plate  design  rotation  is  limited  to  2  degrees. 
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Figure  5-19  Horizontal  sliding  blast  door 


3 


1  i  i  r~i 

ELEVATION  OF  BLAST  DOOR 


(a)-  HINGE 

(F)-  CONTINUOUS  GASKET 
©  •  SOCKET  -  HEAD  CAP  SCREWS 
©-  MILD  STEEL  FRAGMENT  SHIELD 
©-  THICK  BLAST  DOOR  PLATE 
(7)  -  DOOR  FRAME 


(g)-  REVERSAL  BOLT  HOUSING 

®  REVERSAL  BOLT  (CIRCULAR 
*  CROSS-SECTION) 

(T)-ROD  TO  LOCKING  MECHANISM 

7)  -  GAGE  METAL  COVER  PLATE 

(7)  -DOOR  FRAME  STIFFENER  It 


Flgtre  5-20  Single-leaf  blast  door  with  fragment  shield  (very 
hlgn  pressure) 
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legend: 

(a)-  steel  frame  embedded  in  concrete. 

@  -  CONTINUOUS  GASKET 
©-  BEARING  8LOCK 
©-  BLAST  DOOR  PLATE 
(|)-  DOOR  HINGE 
0  -  REVERSAL  BOLT  HOUSING 
0-  REVERSAL  BOLT 

0-  BAR  CONNECTED  TO  CLOSURE  MECHANISM 
0-  STEEL  FRAME  EQUIPPED  WITH  BLAST  DOOR 
0-  LIGHT  CAGE  COVER  PLATE 


Figure  5-21  Single-leaf  blast  door  (high  pressure) 
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5-36.4.6  Other  Types  of  Doors 


Another  type  of  blast  door  design  is  a  steel  arch  or  *’ bjwM  door.  The  tension 
arr*h  door  requires  compression  ties  to  develop  the  compression  reactions  from 
the  arch.  The  compression  arch  door  requires  terision  members  to  develop  the 
tension  reactions  from  the  arch.  These  doors  a  re  illustrated  in  figure  5-**2. 

5-36.5  Blast  Door  Rebound 

Plate  or  element  rebound  can  be  determined  for  a  si  ngl  e-degree-of - freed  urn 
system  subjected  to  a  triangular  pulse  (see  figure  5-13).  However,  when  a 
system  is  subjected  to  a  bi-linear  load,  only  a  rigorous,  step-by-step  dynamic 
analysis  can  determine  the  percentage  of  elastic  rebound.  In  lieu  of  i 
rigorous  analysis,  a  method  of  determining  the  upper  bound  on  the  rebound 
force  is  presented  here. 

Three  possible  rebound  scenarios  are  discussed  here.  Figure  5-2.?  Is  helpful 
in  describing  each  case. 

(a)  Case  I  -  Gas  load  not  present  (Pga*  -0).  In  this  case, 

the  required  rebound  resistance  is  obtained  from  figire 
5-13. 

(b)  Case  II  -  t  <  t. 

m  -  1 

In  this  case,  the  required  rebound  re*l?taic~  is  again 
obtained  from  figire  5-10.  This  procedure,  however,  can 
overestimate  the  rebound  load. 


(c)  Case  III  -  t  >  t. 

m  l 

Figure  5 -22  illustrates  the  case  whereby  the  time  to 

reach  the  peak  response,  tm ,  is  greater  than  the  point 

where  the  gis  load  begins  to  act  (t^).  Assuming  that  the 

gas  pressure  can  be  considered  constant  over  a  period  of 
time,  It  will  act  to  lower  the  required  rebound 
resistance  since  the  resistance  time  curve  will  oscillate 
about  the  gas  pressure  time  curve.  In  this  case,  the 
upper  bound  for  the  required  rebouid  resistance  is: 

r  -*  r  -  P  5-^0 

u  gas 

However ,  in  all  three  cases,  it  is  recommended  that  the  required  rebound 
resistance  be  at  least  equal  to  50  percent  of  the  peak  positive  door  response. 

5-36.6  Methods  of  Design 

5-36.6.1  General 


Techni  ques  used  for  the  design  of  two  types  of  blast  doors 
demonstrated .  The  first  technique  is  used  for  the  door  illustrated 
5—  1 5  while  the  second  is  used  for  the  ctoor  shown  in  figure  5-21. 
procedures  for  the  design  of  plate  and  beam  elements,  as  well  as  the 


will  be 
l  n  f  i  gire 
Detailed 
rel  ated 
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P  -  PEAK  LOAD 

Pqos  =  GAS  PRESSURE 

ru  =  PEAK  POSITIVE  RESPONSE 

r  =  REQUIRED  REBOUND  RESISTANCE 

♦,  =  TIME  AT  WHICH  SHOCK  AND  GAS  LOADS  INTERSECT 

tm  =  TIME  TO  REACH  MAXIMUM  RESPONSE 


Figure  5~22  Bilinear  blast  load  and  single-degree-of-freedan 
response  for  determining  rebound  resistance 
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design  criteria,  are  preheated  in  earlier  section?  of  this  volume  and 
numerical  examples  are  presented  in  appendix  A. 

5-36.6.2  Built-up  Dooc 


The  built-up  steel  door  shown  in  figure  5-18  is  constructed  by  welding  th<* 
steel  plates  to  the  steel  tubular  grid  (fillet  welded  to  the  exterior  plate 
and  plug-welded  to  the  interior  plate).  The  heavy  exterior  plate  is  designed 
as  a  continuous  member  supported  by  the  tubes.  The  horizontal  tubes,  in  turn, 
are  desired  as  simply-supported  members,  transferring  load  to  the  vertical 
tubes.  The  interior  tubes  are  also  designed  as  simply  supported  elements 
which  transfer  the  direct  and  rebound  loads  to  tne  pins  while  the  side  tubes 
transfer  the  direct  load  to  the  door  frame  proper  and  rebound  loads  to  the 
hinges.  The  exterior  tubes  are  also  designed  as  simply  suppjrted  elements 
with  the  supports  located  at  the  hinges. 

5-36.6.3  Solid  Steel  Plate  Dooc 

The  steel  plate  of  the  blast  door  shown  in  figure  5-21  is  initially  sized  for 
blast  pressures  since  no  high  speed  fragnents  will  be  generated  In  the 
facility.  The  plate  is  sized  for  blast  loading,  considering  the  plate  to  be 
simply-supported  on  four  edges.  The  direct  load  Is  transferred  to  the  four 
sides  of  the  door  frame.  In  rebound,  the  plate  acts  as  a  simple  beam  spanning 
the  width  of  the  door  opening.  The  rebound  force  Is  transferred  to  the  six 
reversal  bolts  and  then  into  the  door  frame.  The  door  frame,  as  illustrated 
in  figure  5-19,  consists  of  two  units;  the  first  unit  is  embedded  into  the 
concrete  and  the  seoond  unit  is  attached  to  the  first  one.  This  arrangement 
allows  the  first  frame  to  be  installed  in  the  concrete  wall  prior  to  the 
fabrication  of  the  door.  After  the  door  construction  Is  completed,  the 
subframe  is  attached  to  the  embedded  frame  and,  thus,  the  door  installation  is 
completed . 


COLUMNS  AND  BEAM  COLUMNS 


Plastic  Design  Criteria 


5-37 


5-37, 1  General 

The  design  criteria  for  columns  and  beam  columns  must  account  for  their 
behavior  not  only  as  individual  members  but  also  as  members  of  the  overall 
frame  structure.  Depending  on  the  nature  of  the  loading,  several  design  cases 
may  be  encountered.  Listed  below  are  the  necessary  equations  for  the  dynamic 
design  of  steel  eolurm?  and  beam  columns. 

5-37.2  In-plane  Loads 

In  the  plane  of  tending  of  compression  members  which  would  develop  a  plastic 
hinge  at  ultimate  loading,  the  slenderness  ratio  l/r  shall  not  exceed  the 
constant  (Cc)  defined  as: 


5-41 
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where 


E  -  modulus  of  elasticity  of  steel  (psi ) 


^ds  “  dynamic  design  stress  (see  Section  5-13) 

The  ultimate  strength  of  an  axially  loaded  compression  member  shall  be  taken 


as: 

P  -  1.7AF  5-42 

u  a 

where 

A  -  gross  area  of  member, 

[1  -  (KZ/r)2/2C2  ]f , 

F  -  — . C-  d"  -.and  5-<3 

5/3  ♦  3(KZ/r  )/8c  -  (Kl/r  )i/S,Ci 
c  c 

Kl/r  -  largest  effective  slenderness  ratio  listed 
in  table  5-10  or  5-11 

5-37.3 

Combined  Axial  Loads  and  Diaxiil  Bending 

Member? 

subject  to  combined  axial  load  and  biaxial  bending  moment  should  be 

proportioned  so  as  to  satisfy  the  following  set  of  interaction  formulas: 


P/P  ♦  C  M  /(I  -  P/P  )M  *  C  M  /(I  -  P/P  )M  <1.0 

u  ou  x  ex  mx  oy  y  ey  y  - 

5-44 

P/P  ♦  M  /1.18M  *  M  /1.18M  <  1.0  for  P/P  >  0.15 

p  x  px  y  py  -  p  - 

5-45 

or 

M  /M  ♦  M  /M  <  1.0  for  P/P  <  0.15  5-46 

x  px  y  py  -  p 

where 

M  ,  M  -  maximun  applied  moment?  about  the  x-  and  y-axe? 
x  y 

P  -  applied  axial  load 

P  -  23/12AF’ 
ex  ex 

P  -  23/12AP 

ey  ey 

FgX  '  12TT2E/C23(KZb/rx)2] 

F4y  '  12*2E/[23(KZb/ry)2] 

l ^  •  actual  unbraced  length  in  the  plane  of  bending 
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r  ,  r  »  corresponding  radii  of  gyration 
x  y 


Af 


ds 


:  ,  C  -  coefficient*  applied  to  bending  tern  in  Interaction 

mx  formula  and  dependent  upon  column  curvature  caused  by 

applied  moment*  (AISC  Specif 1  cation.  Section  1.6.1) 


px' 


*  plastic  bending  capacities  about  x  and  y  axes 


(M 


px 


Vd.-'  V  ’  zyfd3J 


mx 


my 


For  columns  braced  in 


moments  that  can  be  resisted  by  the  member  In  the 
absence  of  axial  load. 

the  weak  direction,  Mmx  -  Mpx  and  -  Mpy. 


When  colanns  are  unbraced  in  the  weak  direction: 

Mmv  -  [1.07  -  (1/r  )  (f  ,u)1/2/3160]M 
mx  y  ns 

Mmy  ’  Cl-07  "  (l/rx}  (fd?)1/2/3l60]M 


<  M 

px  -  px 


<  M 

py  -  py 


5-^7 


5-58 


Subscripts  x  and  y  indicate  the  axis  of  bending  about  wnich  a  particular 
design  property  applies.  Also,  columns  may  be  considered  braced  in  the  weak 
direction  when  the  provisions  of  Section  5-26  are  satisfied.  In  addition, 
beam  columns  should  nlso  satisfy  the  requi demerits  of  Section  5*23. 

5-38  Effective  Length  Ratios  Tor  Beas-colusas 

The  basis  for  determining  the  effective  lengths  of  beam  columns  for  use  In  the 
calculation  of  Pu ,  Pex,  Mmx ,  Mmy  In  plastic  design  is  outlined  below. 

For  plastically  designed  braced  and  unbraced  planar  frames  which  are  supported 
against  displacement  normal  to  their  planer,  the  effective  length  ratios  in 
tables  5-10  and  5-11  shall  apply. 

Table  5-10  corresponds  to  bending  about  the  strong  axis  of  a  member,  while 
table  5-11  corresponds  to  bending  about  the  weak  axis.  In  each  case,  1  is 
the  distance  between  points  of  lateral  support  corresponding  to  rx  or  ry*  as 

applicable.  The  effective  length  factor,  K,  in  the  plane  of  bending  shall  be 
governed  by  the  provisions  of  Section  5-^0. 
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Table  5-10 


Effective  Length  Ratios  for  Beam  Columns 
(Webs  of  members  in  the  plane  of  the  frame;  l.e.t 
bending  about  the  strong  axis) 


Braced  Planar  Frames1 

One-and  Two-Story 

Unbraced  Planar  Frames* 

P 

u 

Use  larger  ratio,  l/r  or  l/r 

y  ' 

Use  larger  ratio,  1/  or  K l/r 
ry  x 

P 

Use  l/r 

Use  K l/r 

ex 

X 

X 

M 

Use  l/r 

Use  l/r 

mx 

y 

y 

*  l/r  shall  not  exceed  C  . 
x  c 


Effective  Length  Ratios  for  Beam  Columns 
(Flanges  of  members  in  the  plate  of  the  frame:  i.e., 
bending  about  the  weak  axis) 


3raced  Planar  Frames* 

One-  and  Two-Story 

Unbraced  Planar  Frames* 

P 

u 

Use  larger  ratio,  l/r  or  l/r 

y  x 

Use  larger  ratio,  l/r  or  Ki/r 

x  y 

P 

Use  l/r 

Use  Kl/r 

ey 

y 

y 

M 

Use  l/r 

Use  l/r 

my 

X 

X 

*k ,/r  shall  not  exceed  C  . 
y  c 
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For  column?  subjected  to  biaxial  bending,  the  effective  length?  glwu  i  .1 
table?  5-10  and  5-11  apply  for  bending  about  the  respective  axes,  except  that 
Pu  for  unbranoed  frames  shall  be  based  on  the  larger  of  the  rati^ 

KZ/r  or  KZ/r  .  In  addition,  the  larger  of  the  slenderness  ratios, 

Z/r  Xor  Zr  ,  ^hall  not  exceed  C-. 
x  y  c 

5-39  Effective  Length  Factor,  K 

In  plastic  design,  It  is  usually  sufficiently  accurate  to  use  the  K  factors 
from  table  Cl. 8,1  of  the  AISC  Manual  (reproduced  here  a?  table  5“  12)  for  the 
condition  closest  to  that  in  question  rather  than  to  ^efer  to  the  alignment 
chart  (Fig.  C. 1.8.2  of  AISC  Manual).  It  is  permissible  to  interpolate  between 
different  conditions  in  table  5-12  using  engineering  Judgnent.  In  general ,  a 
design  value  of  K  equal  to  1.5  is  conservative  for  the  columns  of  unbraced 
frames  when  the  base  of  tne  columns  is  assumed  pinned,  since  conventional 
coluna  base  details  will  usually  provide  partial  rotational  restraint  at  the 
oolonn  base.  For  girders  of  unbraced  frames,  a  desigi  K  value  of  0.75  is 
recommended  . 


FRAME  DESK* 


5-40  General 

The  dynamic  plastic  desigi  of  frame?  for  blast  resistant  structure?  Is 
oriented  toward  industrial  building  applications  common  to  ammunition 
manuf actur ing  and  storage  facilities,  i.e.,  relatively  low,  singl e-story , 
multi-bay  structures.  This  treatment  applies  principally  to  acceptor 
structures  subjected  to  relatively  low  blast  over  pr  e>sur  es . 

The  design  of  blast  resistant  frames  is  charact  eri  zed  by:  (a)  simultaneous 
application  of  vertical  and  horizontal  pr  essuret  iroe  loadings  with  peak 
pressures  considerably  in  excess  of  conventional  loads,  (b)  design  criteria  * 
permitting  inelastic  local  and  overall  dynamic  structural  deformations 
(deflection?  and  rotations),  and  (n)  design  requirements  dictated  by  the 
operational  needs  of  the  facility  and,  also,  the  need  for  reusability  with 
minor  repair  work  after  an  incident  must  be  considered. 

RigLd  frame  construction  Is  recommended  in  the  design  of  blast  resistant 
structures  since  this  system  provides  open  interior  space  combined  with 
substantial  resistance  to  lateral  forces .  In  addition,  this  type  of 
construction  possesses  inherent  energy  absorption  capability  due  to  the 
successive  de  elopment  of  plastic  hinges  up  to  the  ultimate  capacity  of  the 
structure.  However,  where  the  interior  space  and  wall  opening  requirements 
permit,  it  may  be  as  effective  to  provide  bracing. 

The  particular  objective  in  this  section  is  to  provide  rational  procedures  for 
efficiently  performing  the  preliminary  design  of  blast  resistant  f rames . 
Rigid  frames  as  well  as  frames  with  suppl ementary  bracing  and  with  rigid  or 
non-rigid  connections  are  considered.  In  both  cases,  preliminary  dynamic  load 
factors  are  provided  for  establishing  equivalent  static  loads  for  both  the 
local  and  overall  frame  mechanism.  Based  upon  the  raechani  sm  method,  as 
employed  in  static  plastic  design,  estimates  are  made  for  the  required  plastic 
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Table  5-12 


Effective  Length  Factors  for  Columns  and  Beam-columns 


Buckled  shape  of 

column  Is  shown 

by  dashed  line. 
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(f  ) 

4  4 
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1 

1 

i 

1 

i 

/ 

t 

Theoretical  K  value. 

0.5 

0.7 

1.0 

1.0 

2.0 

2.0 

Recommended 
design  value  when 
ideal  conditions 
are  approximated. 

0.65 

0.80 

1.2 

1.0 

2.10 

2.0 

End  condition  code. 

Y 

T 

? 

Rotation  fixed  and  translation  fixed. 

Rotation  free  and  translation  fixed. 

Rotation  fixed  and  translation  free. 

Rotation  free  and  translation  free. 
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bendi  *g  capacities  as  well  as  approximate  values  for  the  axial  loads  and 
shears  in  the  frame  members.  The  dynamic  deflections  and  rotations  In  tne 
sideway  and  local  beam  mechanism  modes  are  estimated  based  upon  single 
degree-of-freedam  analyses.  The  desi  gn  criteria  and  the  procedure 
established  for  the  design  of  individual  members  previously  discussed  apply 
for  this  preliminary  design  procedure. 

In  order  to  confirm  that  a  trial  design  meets  the  recommended  deformation 
criteria  of  Table  5-8  and  to  verify  the  adequacy  of  the  member  sizes 
established  on  the  basis  of  estimated  dynamic  forces  and  moments,  a  rigorous 
frame  analysis  should  be  performed.  This  analysis  should  consider  the  moments 
produced  by  the  axial  load  deflection  P-delta  effects)  in  determining  the 
sizes  of  individual  elements.  Several  computer  pr'o grams  are  available  through 
the  repositories  listed  in  Section  5-**.  These  programs  hav^  the  capability  of 
performing  a  mul  ti- degree- of- freedom ,  nonlinear,  dynamic  analysis  of  braced 
and  unbraced,  rigid  and  non-rigid*  frames  of  one  or  more  story  s truct ores  . 

5-41  Trial  Design  of  Single-Story  Rigid  Frames 

5-41.1  Collapse  Mechanisms 

General  expressions  for  the  possible  collapse  mechanism  of  single-story  rigid 
frames  are  presented  in  table  5-13  for  pinned  and  fixed  base  frames  subjected 
to  oornbined  vertical  and  horizontal  bla«t  loads. 

The  objective  of  this  trial  design  is  to  proportion  the  frame  members  such 
that  the  governing  mechanism  represents  an  economical  solution.  For  a 
particular  frame,  the  ratio  of  horizontal  to  vertical  peak  loading,  denoted  by 
a,  is  influenced  by  the  horizontal  f^ame  plan  of  the  structure  and  Is 
determined  as  follows: 


where: 


a  -  qh/qv  5-49 

q^  -  Py^v  ’  Peak  vertical  load  on  rigid  frame 

Qt-  ■  P<b^  *  peak  horizontal  load  on  rigid  frame 
h  n  n 

Pv  -  blast  overpressure  on  roof 

p^  *  reflected  blast  pressure  on  front  wall 
h 

bv  -  tributary  width  for  vertical  loading 


b^  -  tributary  width  for  horizontal  loading 

The  orientation  of  the  roof  purlins  with  respect  to  the  blast  load  directions 
are  shown  in  figure  5-23.  The  value  of  a  will  usually  lie  in  the  range  from 
about  1.8  to  2.5  when  the  direction  of  the  blast  load  is  perpendicular  to  the 
roof  purlins.  In  this  case,  the  roof  purlins  are  supported  by  the  frame  and 
the  tributary  width  is  the  same  for  the  horizontal  and  vertical  load.  The 
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Table  5-13  Collapse  Mechanises  for  Rigid  Frames  with  Fixed  and 
Pinned  Bases 


COLLAPSE  MECHANISM 

PINNED  BASES 

- -  r 

FIXED  BASES 

BEAM  MECHANISM 

wL* 

16 

«L* 

16 

■;  n  1 

BEAM  MECHANISM 

awH* 

4(2C4!) 

a»H* 

4(3C4I) 

Till 

PANEL  MECHANISM 

awH*  1 

awH,j  l 

2  *  24{b-I)C| 

(Ci?*}" 

4  *  l  +  (n-l)C|tC 

nr~m 

PANEL  MECHANISM 

awH1 

OwH*  1 

4n 

<C 

2  *2(b4C>4<b-I)Ci 
(c.5*}-* 

'rr^M 

COMBINED  MECHANISM 

(  i-L* 

w  .  aH>2L 

2  2(2b+C)-Hb-I)Ci 

V  T  7 "7 

COMBINED  MECHANISM 

|-a-H* 

Ta*H* 

c+4-+^{«-i) 
z  2  «.?*}* 

|-C+(b-I)Ci+4- 
2  ^c**>* 

"rTT~ 7 

COMBINED  MECHANISM 

f-H* 

1-awH* 

C4(b-4-) 

(o5«* 

£c+<b-I&4(b-1) 

2  «.%*)* 

COMBINED  MECHANISM 

•g-[3aH*+(B-l)L*] 

C  +(2n  -  -jp) 

2-[3aH*  +  (B-l)L*] 
jC  +  (B-l)|i4<2fl-|) 

Mp 


aw 


CMp 

L 

CiMp 

l  J 

L  l  J 

ixxrrrx 

n * NUMOER  OF  BAYS 


H 


*1.2,3- 


<  w»  UNIFORM 

EQU1VELENT 
STATIC  LOAD 


FOR  C,  >  X  HINGES  FORM  IN  THE  GIRDERS  AND  COLUMNS  AT  INTERIOR  JOINTS. 
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Figure  5-23  Orientation  of  roof  purlins  with  respect  to  blast  load 
direction  for  frame  blast  loading 
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value  of  a  is  much  higher  when  the  direction  of  the  blast  load  is  parallel  to 
the  roof  purlins.  In  this  case,  the  roof  purlins  are  not  supported  by  the 
girder  of  the  frame  and  the  tributary  width  of  the  vertical  loading  (by  «■ 

purlin  spacing)  is  much  smaller  than  the  tributary  width  of  the  horizontal 
loading  (b^  *  frame  spacing). 

It  is  assumed  in  this  procedure  that  the  plastic  bending  capacity  of  the  roof 
girder,  Mp ,  is  constant  for  all  bays.  The  capacity  of  the  exterior  and 

interior  columns  are  taken  as  CMp  and  CjMp,  respecti  vely .  Since  the  exterior 

column  is  generally  subjected  to  reflected  pressures,  it  is  recommended  that  a 
value  of  C  greater  than  1.0  be  selected.  In  analyzing  a  given  frame  with 
certain  member  properties,  the  controlling  mechanism  is  the  one  with  the 
lowest  resistance.  In  design,  however,  the  load  is  fixed  and  the  required 
design  plastic  moment  is  the  largest  Mp  value  obtained  from  all  possible 

mechanisms.  For  that  purpose,  C  and  Cj  should  be  selected  so  as  to  minimize 

the  value  of  the  maximum  required  Mp  from  among  all  possible  mechanisms. 

After  a  few  trials,  it  will  become  obvious  which  choice  of  C  and  Cj  tends  to 

minimize  the  largest  value  of  M0. 

r 

5-41.2  Dynamic  Deflections  and  Rotations 

It  will  normally  be  more  economical  to  proportion  the  members  so  that  the 
controlling  failure  mechanism  is  a  combined  mechanism  rather  than  a  beam 
mechanism.  The  mechanism  having  the  least  resistance  constitutes  an 
acceptable  mode  of  failure  provided  that  the  magnitudes  of  the  maximum 
deflections  and  rotations  do  not  exceed  the  maximum  values  recommended  in 
Table  5-8. 

5-41.3  Dynamic  Load  Factors 

To  obtain  initial  estimates  of  the  required  mechanism  resistance,  the  dynamic 
load  factors  listed  in  this  section  may  be  used  to  obtain  equivalent  static 
loads  for  the  indicated  mechanisms.  These  load  factors  are  necessarily 
approximate  and  make  no  distinction  for  different  end  conditions.  However, 
they  are  expected  to  result  in  reasonable  estimates  of  the  required  resistance 
for  a  trial  design.  Once  the  trial  member  sizes  are  established,  then  the 
natural  period  and  deflection  of  the  frame  can  be  calculated. 

It  Is  recommended  that  the  DLF  for  a  beam  collapse  mechanism  be  equal  to  1.25 
while  that  for  a  panel  or  combined  collapse  mechanism  be  equal  to  0.625.  The 
DLF  for  a  frame  is  lower  than  that  for  a  beam  mechanism,  since  the  natural 
period  of  vibration  in  the  si  desway  mode  will  normally  be  much  greater  than 
the  natural  period?  of  vibration  of  the  individual  clement?  . 

j-41.4  Loads  in  Frame  Members 

Estimates  of  the  peak  axial  forces  in  the  girders  and  the  peak  shear?  in  the 
columns  are  obtained  from  figure  5-2^.  Ir.  applying  the  values  of  figure  5“24, 
he  equl valent  horizontal  static  load  shall  be  computed  using  the  dynamic  load 
factor  for  a  panel  or  combined  sidesway  mechanism. 


-82- 


/ 


Rg/4  3/8  Ru  Ru/8 


3/4Rg  Rg/4  5/8  Rg  Rg/4  Rg/8 


Ru/2  Rg/2  -  Rg/2n  .  Rg/2n 

* - 1 - n - > - 1 - 


Rg/2  Ru/2n  Rg/2n  Ru/2n  Rg/2n 


Rg/5 


4/5Rg  Rg/5 


3/10Rg  3/20Rg 


n  *  2 


JJv?  /7TT 

7/IORo  3/20Rg  3/20Ru 


Rg/3  Rg/3-Ry/3n 


Rg  /3n 


n>3 


mr  S7tr 

2/3Ru  Rg/3n  Rg/3n  Rg/3o  Rg/3n 


tl  =  NUMBER  OF  BAYS 

Ru  =  awH  =  EQUIVALENT  HORIZONTAL  STATIC  LOAD 


Figure  5-2M  Estimates  of  peak  shears  and  axial  loads  in  rigid 
frames  due  to  horizontal  loads 
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Preliminary  value?  of  the  peak  axial  load?  in  the  column?  and  the  peak  ?hear? 
in  the  girder?  may  be  computed  by  multiplying  the  equivalent  vertical  ?tatic 
load  by  the  roof  tributary  area.  Since  the  axial  load?  in  the  column?  are  due 
to  the  reaction  from  the  roof  girder?-,  the  equivalent  ?tatic  vertical  load 
should  be  computed  u?ing  the  dynamic  load  factor  for  the  beam  mechani?m. 

5-41.5  Sizing  of  Frame  Members 

£ach  member  in  a  frame  under  the  action  cf  horizontal  and  vertical  bla?t  load? 
i?  subjected  to  combined  bending  moment?  and  axial  load?.  However,  the 
phasing  between  critical  value?  of  the  axial  force  and  bending  moment  cannot 
be  established  using  a  simplified  analysis.  Therefore,  it  is  recommended  that 
the  peak  axial  load?  and  moment?  obtained  from  figure  5-24  be  assumed  to  act 
concurrently  for  the  purpose  of  trial  beam-column  de?ign.  The  overall 

resistance  of  the  frame  depend?  upon  the  ultimate  strength  of  the  member? 
acting  a?  be am- col um ns . 

When  an  exterior  frame  of  a  building  is  positioned  such  that  the  shock  front 
is  parallel  to  frame,  the  loading?  on  each  end  of  the  building  are  equal  ano 
sideway  action  will  only  occur  in  the  direction  of  tne  shock  wave 

propagation.  Frame  action  will  also  be  in  one  direction,  namely,  in  the 
direction  of  the  sidesway.  If  the  blast  wave  impinges  on  a  building  fror  a 
quartering  direction,  then  the  columns  end  girder?  in  the  exterior  frames  vre 

subjected  to  biaxial  bending  due  to  the  simultaneous  load?  actir..*  on  the 

various  face?  of  the  structure.  This  action  will  also  cause  sidesway  in  both 
direction?  of  the  structure.  The  interior  girders  wili  usually  be  subjected 
to  bending  in  one  direction  only.  However,  interior  column?  may  be  subjected 
to  either  an i axial  or  biaxial  bending,  depending  upon  the  column  connection? 
to  the  girde"  system.  In  such  cases,  the  moments  and  forces  can  be  calculated 
by  analyzing  the  response  of  the  frame  in  each  direction  and  superimposing  the 
respective  moments  and  forces  acting  on  the  indivldtal  elements.  This 
approach  l?  generally  conservative  since  It  assume?  thar.  the  peak  values  of 
the  forces  in  one  direction  occur  slmul taneously  throughout  the  three- 
dimensional  struct ure. 

Havi  ig  estimated  the  maximum  value?  of  the  forces  and  moments  throughout  the 
frame,  the  preliminary  sizing  of  the  members  car.  be  performed  using  the 
criteria  previously  presented  for  beams  and  columns. 

5-41.6  Stiffness  and  Deflection 

The  stiffness  factor  K  for  s*ngle-story  rectangular  frames  subjected  to 
uniform  horizontal  loading  is  defined  in  table  5-14.  Considering  an 
equivalent  single  degree-of-freedom  system,  the  sidesway  natural  period  of 
thi  s  frame  is: 

Tm  -  2n(m  /KK,  )U2  5-50 

N  e  L, 

where  is  a  load  factor  that  modifies  K  the  frame  stiffness  due  to  a  uniform 

load,  so  that  the  product  KKt  l?  the  equivalent  stiffness  die  to  a  unit  load 
applied  at  the  equivalent  lumped  mass  me.  The  load  factor  is  given  by: 
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Table  5-1*  Stiffness  Factors  for  Stncl*  Story,  Multi-bay  Rigid 
Fraaes  Subjected  to  Unifora  Horizontal  Loading 


STFFNESS  FACTOR  K  •  £*C£.C, 

H*  1 

n  >  NUMBER  OF  BAYS 

0  «  BASE  FIXITY  FACTOR* 

_ If  /L _ 

0  *  Ico  (075 +  0.250) /H 


Q  ♦  ( 0.7  -O.I0)(n-l)] 


Ie«>  AVERAGE  COLUMN  MOMENT 
OF  INERTIA*  2  Ic  /(»*♦•») 


0 

O 

• 

01 

/9.0-5* 

0«o 

025 

26.7 

14  9 

3.06 

0.50 

S2.0 

17.  8 

4.65 

1.00 

37.3 

20.6 

6.04 

0  VALUES  OFC2  ARE  APPROXIMATE  FOR  THIS 
»  0  *  1.0  FOR  FIXED  BASE 
•0.0  FOR  HINGEO  BASE 


where: 

E«  MODULUS  OF  ELASTICiTY(PSI) 
Ico,  I*.  I«  •  MOMENT  OF  INERTIA^* ) 

H-  HEIGHT  (FEET) 

L"  BAY  LENGTH(FEET) 


5-5'- 


^  •  0,55  (1  -  0.25$) 


whwre  0  lr  the  tore  fixity  factor  and  is  equal  to  taro  and  on«  for  pinned  bare 
and  f  l  xed  bare  framer,  respectively. 

The  equivalent  mars  «e  to  be  used  in  calculating  the  period  of  a  riderway  node 

oonsirtr  of  the  total  roof  aarr  plus  1/3  of  the  col  urn  and  wall  masses.  Since 
all  of  these  aasses  are  oonsl  dered  to  be  oonoentrat  ed  at  the  roof  level,  the 
aare  factor,  ,  is  equal  to  one. 

Tlie  limiting  resistance  Ry  Is  given  by: 
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where  w  l«  equa*  to  the  equivalent  stall  o  uniform  load  bared  or*  the  dynamic 
load  factor  for  a  panel  or  combined  riderway  mechanism. 

The  equivalent  el  a*  ti  c  deflect  l  on  X~  oorras  pond!  ng  to  Ry  is: 

XE  .  Ru/Ke  5-53 

Knowing  the  rider  way  resistance  Ry  and  the  rider  way  natural  period  of 

vibratior  T0,  the  ductility  ratio  (u),  for  the  sldesway  deflection  of  the 

frame  can  be  conputed  using  the  dynamic  r®*po.r»e  charts  (Volume  III),  The 

maximum  deflection  X_  Is  then  calculated  from: 
m 
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whe^e: 


u  •  ductility  ratio  In  rider  way. 
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Triad  Der i gi  of  Slngl  e- story  Frames  with  Supplementary  Bracing 


5-*2.  1  General 

Frames  with  *  uppl  ementar  y  bracing  can  roirirt  of  (a)  rigid  framer  In  one 
direction  and  bra  Mug  In  the  other  direction,  (b)  braced  framer  In  two 
directions  with  ^igld  connect  l  ons  ,  arid  (c)  braced  framer  in  two  directions 
with  pinned  connections .  *iost  braced  framer  utilize  plnied  oonnectlonr. 

5 -*2.2  Col  lap**  Afeehan ferns 

In-  pi^-Mble  collapse  n**rha;ii  ^5  or  si  ngl  e-story  framer  A  th  diagonal  tear  ion 
bracing  (X-bracing)  are  presented  in  tables  5*15  and  5-16  for  pi  need- bore 
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Table  5-15  Collapse  Meohanl«M  for  Rigid  Prases  with  Supplementary 
Braolng  and  Pinned  Bases 


COLLAPSE  MtCHAMIM 


#C AM  MICMANISM 


'JM/Fl 

BEAM  MECHANISM 


PANEL  MECHANISM 


PANEL  MECHANISM 


COMBINED  MECHANISM 


COMBINED  MECHANISM 


9* 


COMBINEO  MECHANISM 


COM8INEO  MECHANISM 


PLASTIC  MOMENT  M. 


wL 

ie 


awH‘ 

4(2C+I) 


(i|H.-mAb#<#Hcee  y) 

♦  (Ct<  »♦ 


awH*  wAbfds  Hcoe  7 
4n  2n 


(Ci>  tr 


OO  ^  M  fl 


•yqwH*-4yAto*ds  HcoaX 

C+T+T<n,) 


7 


(Ci<  2) 


•g-a  wH^-Sp  A5  fd»  Hcot  Y 

C-f  (n-^r ) 


(Ci>t) 


[3aH+(ft-UL]- yAbfd|  HcoaX 
C+  (2i»-J) 


aw 


M-4 


i^XIIXI  m  •  NUMBER  OP 
— -j-—  BRACED  BAYS 
|  •«  NUMBER  OP 

BATS >1,1,3. .  . 


I 


■  •  UNIFORM  EOCAV AL¬ 
EUT  STATIC  LOAO 


t  POR  Cl  •  2  MINCES  PORM  IN  THE  BIRDERS  ANO  COLUMNS  AT  INTERIOR  JOINTS. 
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Table  5-16  Collapse  Mechanise*  for  7raa«s  with  Supplementary 

Bracing,  Non-rigid  Glrder-to-Coluan  Connections  and 
Pinned  Baa as 


COLLAPSE  MECHANISM 

ULTIMATE  CAPACITY 

FRAMING 

TYPE 

BEAM  MECHANISM 
EXTERIOR  GIROER 

Mp  *  wL*  /% 

Mp  »  wL*/« 

Mp  a  «L*/m 

S 

BEAM  MECHANISM 
INTERIOR  GIRDER 

Mp  «  wL*  /8 

Mp  *  wlf  /|* 

© 

©«© 

VkVI 

BEAM  MECHANISM 
8LASTWARD  COLUMN 

Mp  a  a*»H*  \ 

Md  * 

Mp  4(2Ctl) 

©a® 

® 

PANEL  MECHANISM 

A fafd  «  a«H/2mcoiT 

A  f  _  a  w  H  2Mp 

bds  2  m  co ty  mHcoiy 

©a© 

© 

COMBINED  MECHANISM 

3a  wH  _(2Ctl)Mp 
At'd#  *  4mco*y  mHcoty 

© 

GIRDER  FRAMING  TYPE  ' 

§  GIRDER  SIMPLY  SUPPORTED  BETWEEN  COLUMNS 
GIRDER  CONTINUOUS  OVER  COLUMNS 

GIRDER  CONTINUOUS  OVER  COLUMNS  AND  RIGIDLY 
CONNECTED  TO  EXTERIOR  COLUMNS  ONLY 
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frame?  with  rigid  and  non-rigid  glrder-to-oolum  connection?  re?  pecti  vely .  In 
the*e  table?,  the  ero??-?ectlonal  area  of  the  ten?lon  trace  l?  denoted  by  Ab , 

the  dynamic  design  ?tre??  for  the  bracing  member  l*  fd5  ,  and  the  number  of 

braced  bay?  i?  denoted  by  the  parameter  m.  In  each  ca?e ,  the  ultimate 
capacity  of  the  frame  l?  expre*?ed  in  term?  of  the  oqul valent  ?tatic  load  and 
the  member  ultimate  ?trength  (either  Mp  or  A^f^ ).  In  developing  thc?e 

expre??lon?  in  the  table?,  the  ?ame  a??umption?  were  made  a?  for  rigid  frame?, 
1  .e . ,  Hp  for  the  roof  girder  i?  oor^tant  for  all  bay?,  the  bay  width,  L,  l? 

oon?tant,  and  the  ooljmn  moment  capacity  coefficient,  C,  i?  greater  than  1.0. 

For  rigid  frame?  with  ten?ion  bracing,  It  i?  nece??ary  to  vary  C,  Cp  an d 

in  order  to  achieve  an  ecomomical  de?l£i.  When  non-rigid  girder  to  column 
connection?  are  u?ed ,  C  and  Cj  drop  out  of  the  re?i?tance  fuiction  for  the 

?lde?way  mechanism  and  the  area  of  the  bracing  can  be  calculated  directly. 
5-J2.3  Bracing  Ductility  Ratio 

Ten?ion  brace  member?  are  not  expected  to  remain  ela?tic  inder  the  bla^t 
loading.  Therefore,  It  i?  nece??ary  to  determine  if  t!«i?  yielding  will  be 
*xce??lve  when  the  ?y?tem  1?  permitted  to  deflect  to  the  limit?  of  the  de?i gn 
criteria  prevlou?ly  given. 

The  ductility  ratio  a??ociated  with  ten?Ion  yielding  of  the  bracing  i?  defined 
a?  the  maximum  ?traln  in  the  brace  divided  by  it?  yield  ?train.  A?aumJng 
?mall  deflection?  and  neglecting  axial  deformat  l  on?  in  the  girder?  and 
colunn?,  the  ductility  ratio  1?  given  by: 

V  •  3  (cos2Y)E/LfH  5-55 

0  ? 


where 


u  - 
6  • 
T  - 
L  - 

From  the  deflexion 
ductll  i ty  rati  )  car: 

u  - 


durtil  ity  ratio 

?lde?way  deflection,  inches 

vertical  angle  between  the  bracing  and  a  horizontal  plane 
bay  width,  inche? 

criteria,  the  ?lde?way  deflection  1?  United  to  H/25.  The 
be  expren?ed  further  a?: 

(H/25L)(oo?2Y)(E/fcl,)  5-56 


5-^2.  Dynamic  Load  Factor 

The  dynamic  load  factor?  li?ted  in  Section  5-*n.3  nay  al?o  be  u?ed  a.«  a 
rational  ?tarting  point  for  a  preliminary  de?l  gn  of  a  braced  frame.  In 
general  ,  the  ?lde?way  ?tiffne??  of  braced  frame?  1?  greater  than  tnbraced 


-89- 


frame*  and  the  correspond!  ng  panel  or  side*  way  dynamic  load  factor  may  also  be 
greater.  However,  since  these  dynamlo  load  factors  are  necessarily 
approximate  and  serve  only  as  a  starting  point  for  a  preliminary  design, 
refinements  to  these  factors  for  frames  with  supplementary  diagonal  braces  are 
not  warranted, 

5-42.5  Loads  in  Frame  Members 

Estimate*  of  the  p?ak  axial  loads  In  the  girders  and  the  peak  shears  in  the 
colurts  of  a  braced  rigid  frame  are  obtained  from  figure  5-25-  It  should  bn 
noted  that  the  shear  in  the  blastward  coltinn  and  the  axial  load  in  the 
exterior  girder  are  the  same  as  the  rigid  frame  shown  in  figure  5-2*1.  The 
shears  in  the  interior  columns  V2  are  not  affected  by  the  braces  while  the 
axial  loads  In  the  interior  girders  P  are  reduced  by  the  horizontal  components 
of  the  force  In  the  brace  F^.  If  a  bay  is  not  braced,  then  the  valje  of  FH 

must  be  set  equal  to  zero  when  calculating  the  axial  load  in  the  girder  of  the 
next  braced  bay.  To  avoid  an  error,  horizontal  equilibrium  should  be  checked 
using  tne  formula: 

R  -  VI  ♦  nV2  ♦  mF  5-57 

U  H 


where 


R  ,  Vi ,  V2  and  Fu  are  defined  In  figure  5-25 

U  H 

n  «  number  of  bays 
m  -  lumber  of  braced  bays 

In  addition,  the  value  of  Mp  used  In  figure  5-25  is  simply  the  design  plastic 
moment  obtained  from  the  controlling  panel  or  combined  mechanism. 

An  estimate  of  the  p*ak  loads  for  braced  frames  with  non-rigid  glider  to 
?ol  am  connections  may  be  obtained  using  figure  5-25-  However,  the  value  of 
m.x*t  be  set  equal  to  7/?ro.  For  such  cases,  the  entire  horizontal  load  I* 
by  the  exterior  col  onn  and  bracing.  There  is  no  shear  force  In  the 
interior  colonn*. 


Preliminary  values  of  the  peak  axial  loads  In  the  columns  and  the  p?ak  shears 
in  the  girders  are  obtained  In  the  same  manner  as  rigid  frames.  However,  in 
crimp. ting  th-  axial  load-*  in  th-  col  on:is ,  the  vertical  components  of  the 
force*  In  the  tension  braces  mu-*t  be  add^d  to  the  vertical  shear  in  the  roof 
girder.*.  The  ve'-Ui  ~*al  '•ompui^nt  of  tne  force  In  the  brace  l*  given  by: 


F  -  A  f  *  i  n  7 
v  b  Is 
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Tv?  reaction*  f  ■"un  r.h^  braces  will  al  affect  the  load  on  th  foundation  of 
’no  frame,  tnorofure,  the  d»Mi  gri  o I*  the  foot!  igs  mu*t  Include  these  loads. 
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Figure  5-25  Estimates  of  peak  shears  and  axial  loads  In  braced 
frames  due  to  horizontal  loads 
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5-*2.6 


Stiffness  a nd  Deflection 


The  eQiAtlo ns  for  determining  the  sidesway  natural  period  of  vibration  and  the 
deflection  at  yield  for  braced  frames  are  similar  to  that  of  rigid  frames. 
The  primary  difference  is  the  inclusion  of  the  horizontal  stiffness  (K&) 

provided  by  tension  tracing.  The  equations  for  the  natural  period  and  elastic 
deflection  are  as  follows: 

natural  period  of  vibration: 

tn  -  2w  cVkkl  *  Kb)],/2  5-59 

and  the  equivalent  elastic  deflection  is: 

XE  -  V(KKL  *  V  5'6° 

The  horizontal  stiffness  of  the  tension  tricing  is  giver:  by: 

Kk  -  (nA.E  co?3TT)/L  5-61 

b  b 

and  other  values  have  been  defined  previously.  It  may  be  noted  that  for 
braced  frames  with  non-rigid  girder-to-colunn  connections ,  the  value  of  the 
frame  stiffness  (K )  is  equal  to  zero. 

5-^2. 7  Slend  ness  Requirements  for  Diagonal  Braces 

The  slenderness  ratio  of  the  bracing  should  be  less  than  300  to  prevent 
vibration  and  "slappi  ng" .  This  design  condition  can  bo  expressed  as: 

r  >  Lk/3Q0  5-62 

o  -  b 

where  »  minimum  radius  of  gyration  of  the  bracing  member 

-  length  between  points  of  support 

Even  though  a  compression  brace  is  not  considered  effective  in  providing 

resistance,  the  tension  and  compression  braces  should  be  connected  where  they 

or oss.  In  thl*  manner ,  for  each  brace  may  be  taken  equal  to  half  of  its 

total  length. 

5-*2. 8  Sizing  of  Frame  Members 

Estimating  the  maximum  forces  and  moments  in  frames  with  supplementary  bracing 
is  similar  to  the  procedures  described  for  rigid  frames.  However,  the 

procedure  is  slightly  more  involved  since  it  is  necessary  to  assume  a  value 
for  the  trace  area  in  addition  to  the  assumptions  for  the  coefficients  C  and 
Cj.  For  frames  with  non-rigid  connections,  C  and  Cj  do  not  appear  in  the 

resistance  formula  for  a  sidesway  mechanism  and  Ap  car*  ^  deter-*  led 

directly.  In  selectlrg  a  trial  valje  of  for  frames  with  rigid  oonneotl ons  , 

the  ralnlmim  brace  size  is  controlled  by  slenderness  requlr  eraents .  In 

addition,  in  each  particular  application,  there  will  be  a  limiting  value  of 
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beyond  which  there  will  be  no  substantial  weight  savings  in  the  Trane  members 
since  there  are  maximum  slenderness  requir eraents  for  the  Trane  member*.  in 
general ,  values  oT  Ab  oT  about  two  square  inches  wili  result  In  a  substantial 
increase  in  the  overall  resistance  Tor  Trames  with  rigid  connections.  Hence, 
an  assumed  brace  area  in  thl*  ran#*  Is  recommended  as  a  starting  p;i  nt .  The 
design  oT  the  beams  and  columns  oT  the  Trames  Toilow  the  procedures  previously 
presented. 
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5~*3  General 

The  connections  in  a  steel  structure  desired  In  accordance  with  plastic 
design  concepts  must  TulTill  their  function  up  to  the  ultimate  load  capacity 
of  the  structure.  In  order  to  allow  the  members  to  reach  their  Tull  plastic 
moments,  the  connections  must  be  capable  of  transferring  moments,  shear*  and 
axial  loads  with  sufficient  stength,  proper  stiffness  and  adequate  rotation 
capacity . 

Connections  must  be  designed  with  oonsi deration  of  economical  fabrication  and 
ease  of  erection.  Connecting  devices  may  be  ri  vets  ,  bolts,  welds,  screws  or 
various  combinations  thereof. 

5-0  Types  of  Connections 

The  various  connection  types  generally  encountered  in  steel  structures  can  be 
classified  as  primary  member  connections,  secondary  member  connections  and 
panel  attachments.  Primary  member  connections  are  corner  frame, 

beam-to- col  iron ,  beam-to-  girder  a/ id  column  base  connections  as  well  as 
splices.  Secondary  member  connections  are  purl  in- to- frame,  gl  ^t- to- frame  and 
bracing  connections.  Panel  attachments  are  roof-to-floor  panel  and  wall 
siding  connections. 

Primary  member  connection?  refer  to  those  used  in  design  and  crjrr? truction  of 
the  framing  of  primary  members.  They  generally  involve  the  attachment  of 
hot-rolled  sections  to  one  another,  either  to  create  specific  support 
conditions  or  to  achieve  continuity  of  a  member  or  the  structure.  In  that 
respect,  connections  used  in  framing  may  be  classified  into  three  groups, 
nanely,  rigid,  flexible  (non-rigid)  and  semi-rigid ,  depending  upon  their 
degree  of  restraint  which  is  the  ratio  of  the  actual  end  moment  that  may  be 
developed  to  the  end  moment  in  a  fully  flxed-ended  beam.  Approximately ,  the 
degree  of  restraint  is  generally  considered  as  over  90  percent  for  rigid 
connections,  between  20  to  90  percent  for  semi-rigid  connections  and  below  20 
percent  for  flexible  connections. 

It  should  be  mentioned  that  the  strength  and  rotation  charact  eristi  c>  of 
semi-rigid  connections  are  dependent  upon  the  properties  of  the  Intermediate 
connection  elements  (angles,  plates,  tees)  and  thus,  are  subject  to  ouch 
variation.  Since  semi-rigid  structural  analyses  are  *eldcra  undertaken  due  to 
their  great  complexity,  no  further  details  on  semi-rigid  connections  will  be 
gi  ven  here . 

Secondary  member  connections  are  used  to  fasten  members  such  as  purlins,  girts 
or  bracing  members  to  the  primary  members  of  a  frame,  either  directly  or  by 
means  of  auxiliary  sections  such  as  angles  and  tees. 
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Basio  requirement?  for  primary  and  secondary  member  connection?,  a?  well  a? 
general  guideline?  for  pro per  design,  are  presented  in  Section?  5-45  and 
5-46.  In  addition,  dynamic  design  stresses  to  be  used  in  the  selection  and 
sizing  of  fastening  device?  are  given  in  Section  5-47. 

Panel  attachment?  are  used  to  attach  element?  of  the  skin  or  outer  shell  of  an 
in?tallation  a?  well  a?  floor  and  wall  panel?  to  the  supporting  skeleton. 
Connection?  of  thi?  type  are  distinguished  by  the  fact  that  they  fasten 
relatively  thin  sheet  material  to  one  another  or  to  heavier  rolled  sections. 
Roof  decks  and  wall  siding  have  to  withstand  during  their  lifetime  (apart  from 
accidental  blast  loads)  exposure  to  weather,  uplift  f  orce? ,  buffeting  and 
vibration  due  to  winds,  etc.  For  thi*  reason,  and  because  of  their  widespread 
use,  special  care  should  be  taken  in  design  to  insure  their  adequate 
behavior.  Some  basic  requirements  for  panel  connection?  are  presented  In 
Section  5-48. 

5-45  Requirements  for  Main  Framing  Connections 

The  design  requirements  for  frame  connections  may  be  Illustrated  by 
considering  the  twhavlor  of  a  typical  corner  connection  a*  sho w.u  in  figure 
5-26.  Two  members  are  Joined  together  without  stiffening  of  the  corner  web. 
Assuming  that  the  web  thickness  Is  lnsuf  f  lcient ,  the  behavior  of  the 
connection  is  represented  by  Curve  1  which  shows  that  yielding  due  to  shear 
force  starts  at  a  relatively  low  load.  Even  though  the  connection  rotates 
past  the  required  hinge  rotation,  the  plastic  moment  Mp  is  not  reached.  In 
addition,  the  clastic  def ormat i ons  are  also  larger  than  those  a*suned  by  the 
theoretical  design  curve. 

A  second  and  different  connection  may  behave  as  Indicated  by  Curve  2. 
Although  the  elastic  *tiffness  Is  satisfactory  and  the  naximun  capacity 
exceed?  Mp,  the  connection  falls  before  reaching  the  required  hinge  rotation 

and  thu?,  I*  unsatisfactory . 

These  considerations  indicate  that  connections  must  be  designed  for  strength, 
stiffness  and  rotation  capacity.  They  must  transmit  the  required  monent , 
*hear  and  axial  load,  and  develop  the  plastic  moment  Mp  of  the  members. 

Normally,  an  examination  of  a  connection  to  see  If  it  meets  the  requirements 
of  stiffness  will  not  be  necessary.  Compared  to  the  total  length  of  the 
member,  the  length  of  the  connection  Is  small;  and,  if  the  connection  Is 
slightly  more  flexible  than  the  member  which  it  Joins,  the  general  effect  on 
the  structural  behavior  is  not  great.  Approximately,  the  average  unit 
rotation  of  the  connecting  zone  should  not  exceed  that  of  an  equivalent  length 
of  the  member?  being  Joined. 

Df  equal  importance  with  the  strength  of  the  connection  is  an  adequate  reserve 
of  ductility  after  the  plastic  moment  ha*  been  attained.  Rotation  caraclty  at 
plastic  hinge  location?  is  essential  to  the  development  of  the  full  ultimate 
load  capacity  of  the  strjcture. 

5-46  Desiga  of  Connections 

It  Is  not  the  intent  of  this  section  to  present  procedures  and  equation?  for 
the  design  of  the  various  types  of  connections  likely  to  be  encountered  in  the 
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Figure  5-26  Corner  connection  behavior 


bias t-resi stant  design  of  a  steel  structure.  Instead,  the  considerations 

necessar  y  for  a  proper  design  will  be  outlined. 

Afto^  completion  of  the  dynamic  analysts  of  the  structure,  the  raorab ere  ar ) 
sl*ed  for  the  Riven  loadings.  The  (patents,  shears  and  axial  load*  at  the 
oomer*t  i  o"'  ace  known.  Full  recognition  must  t>*  gi  van  to  the  core*  i  derat  i  on  of 
rebound  or  stress  reversal  in  designing  the  cvnnectl  ms .  Additionally,  In 
continuous  structures,  the  maximum  valuer  of  P,  H  and  V  may  not  occur 
simultaneously  and  thi*,  several  combinations  may  have  to  be  coaMdered. 

With  rigid  connections  such  as  a  continuous  oolumn-gii  uer  intersection,  the 
web  area  within  the  boundaries  of  the  connection  should  meet  the  rhear  stress 
requi rements  of  Section  5*23.  If  the  web  area  Is  irisat  1  sf actory ,  diagonal 
stiffeners  or  web  doubler  plates  should  be  provided. 

Stiffeners  will  normally  be  required  to  prevent  web  crippling  and  preserve 
flange  continuity  whenever  fl an ge- to- flange  connections  occur  at  columns  In  a 
continuous  frame.  Web  crippling  must  also  be  checked  at  points  of  load 
application  such  a4*  beam-girder  1  ntersections.  In  these  cases,  the 
requi  cements  of  Section  5*25  of  this  /olune  and  Sections  1.10.5  and  1.10.  10  of 
the  AISC  Specification  mu*t  be  «x>nsl dered . 

Since  bolted  Joints  will  develop  yield  stresses  only  after  slippage  of  the 
members  has  occurred,  the  use  of  f rl ctiorrty pe  bolted  connections  is  not 
reoomm ended . 

5-47  Dynamic  Design  Stresses  for  Connections 

In  accordance  with  Section  2.8  of  the  AISC  Specif  i  cation ,  bolts,  rivets  and 
weld*  shall  be  proportioned  to  resist  the  raaximim  forces  using  stresses  ecjjal 
to  1.7  times  those  given  in  Part  1  of  the  Specification.  Additionally,  these 
stresses  are  increased  by  the  dynamic  increase  factor  specified  in  Section 
5*12.2;  hence, 

fd  *  ,#7cfs  5*63 


where 


f^  -  the  maximum  dynamic  desl^i  stress  for  connections 


o  -  the  dynamic  increase  factor  (fig.  5*2  or  table  5*2) 

-  the  allowable  equivalent  static  design  stress  of  the  bolt, 
ri  vet  or  wel  d. 


Rather  than  compiling  new  table*  for  maximum  dynamic  loads  for  the  various 
types  of  connection.* ,  the  de*i£ier  will  find  it  advantageous  to  divide  the 
forces  being  considered  by  the  factor  1.7c  and  then  to  refer  to  the  allowable 
load  tables  in  Pa^t  1  of  the  AISC  Specification. 

5-48  Requirements  for  Floor  and  Wall  Panel  Connections 

I  anel  connections  ,  in  general  ,  can  be  considered  e.*ner  panel-to-  panel 
connections,  or  panel- to-supportl  ng-  frame  connections. 
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The  former  type  Involve?  the  attachment  of  relatively  1  lght-g*ige  material?  to 
each  other  such  that  they  act  together  a?  an  Integral  unit.  The  latter  typ»? 
1?  generally  used  to  attach  sheet  panel?  to  heavier  cross-sect l on? . 

The  most  common  type  of  fastener  for  decking  and  steel  wall  panels  Is  the 
self-tapping  screw  with  or  without  washer.  Even  for  convent lonal  design  aid 
regular  wind  loading,  the  screw  fasteners  have  often  been  the  source  of  local 
failure  by  tearing  the  sheeting  material.  It  Is  evident  that  unde'*  bla*t 
loading  and  particularly  on  rebound,  screw  connectors  will  be  even  more 
vulnerable  to  this  type  of  failure.  Special  care  should  be  taken  In  design  to 
reduce  the  probability  of  fall  ire  by  using  oversized  washers  and/or  Increased 
material  thickness  at  the  connection  itself. 

Due  to  the  magnitude  of  forces  Involved,  special  typos  of  connectors,  as  shown 
in  figure  5-27,  will  usually  be  necessary.  These  may  consist  of 
sel  f-pieroing ,  sel  f-tappl  r.g  screws  of  larger  diameters  with  oversized  washer** , 
puddle  welds  or  washer  plug  welds,  threaded  connectors  fired  Into  the  elements 
L.  be  attached,  or  threaded  studs,  welded  to  the  supporting  members,  which 
fasten  the  panel  by  mea;is  of  a  special  arrangement  of  bushing  and  nut. 

Apart  from  fulfilling  their  function  Ot  cladding  and  load-r  esl  *  tl  ng  surfaces, 
by  carrying  loads  per pendi cular  to  their  surface,  floor,  roof  and  wall,  *teel 
panel?  can,  when  adequately  connected,  develop  substantial  resi^tan^e  to 
la-plane  forces,  acting  as  diaphragm?  contributing  a  great  deal  to  the  overall 
stiffness  and  stability  of  the  structure.  As  a  resjlt,  decking  connections 
are,  In  many  cases,  subjected  to  a  combination  of  shearing  forces  and  pull-out 
forces.  It  Is  to  be  remembered  al*o  tnat  after  the  panel  has  deflected  under 
blast  loading,  the  catenary  action  sustained  by  the  flat  sheet  of  the  decking 
represents  an  Important  reserve  capacity  against  total  collapse.  To  allow  for 
such  catenary  action  to  take  place,  connectors  and  especially  end  connectors 
should  be  made  strong  enough  to  withstand  the  membrane  forces  that  develop. 

5-*9  Penetration  of  Fragments  Into  Steel 

5~49. i  Failure  Mechanisms 

In  deriving  a  prediction  equation  for  the  penetration  and  perforation  of  steel 
plates,  It  is  Important  to  recognize  the  failure  mechanisms.  The  failure  mode 
of  primary  concern  in  mild  to  median  hard  homogeneous  steel  plate*  subjected 
to  normal  Impact  Is  ductile  failure.  In  this  mode,  as  the  missile  penetrates 
the  plate,  plastically  deformed  material  Is  pushed  aside  and  petals  or  lip? 
are  formed  on  both  the  front  and  back  faces  with  no  material  being  ejected 
from  the  plate.  For  plate-*  with  Brinell  hardness  values  above  300,  failure  by 
"plugging*  is  a  strong  possibility.  In  this  brittle  mode  of  failure,  a  plug 
of  material  Is  formed  ahead  of  the  penetrating  missile  and  Is  ejected  from  the 
back  side  of  the  plate.  A  tnird  mode  of  failure  Is  disking  or  flaking,  In 
wnich  circular  disk?  or  Irregular  flakes  ..  e  thrown  f^om  the  back  face.  This 
type  of  railure  Is  mainly  of  concern  with  plates  of  Inferior  quality  *teel  and 
should  not,  therefore,  be  a  common  problem  In  the  design  of  protective 
s  t  r  jot  ur  es  . 

5-H9.2  Primary  fragment  Penetration  Equations 

In  protective  design  involving  primary  f  ragment? ,  a  penetration  equation  is 
required  which  yields  reliable  estimates  corr e*ponding  to  the  *tandird  primary 
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Figure  5-27  Typical  connections  for  cold-formed  steel  panels 
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fragment  illustrated  in  figure  4-77  of  Volume  IV.  These  design  equations 
consider  only  normal  penetration  which  Is  critical  for  the  design  of 
protective  structures.  These  equations  apply  to  penetration  Into  mild  steel 
and  are  oonser vati ve  for  plates  with  a  Brinell  hardness  value  above  150. 
Steel  penetration  equations  in  design  for  primary  fragment  impact  are 
expressed  in  the  following  forms: 


For  AP  steel  fragments  penetrating  mild  steel  plates*. 


x 


o.?o  wf 


0.33v  1.22 

s 


and  for  mild  steel  fragments  penetrating  mild  steel  plates: 
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0.33v  1.22 
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where: 

x  *  depth  of  penetration  (in.) 

-  fraguent  weight  (oz.) 

V^  *  striking  velocity  of  fragment  (kfps) 

Charts  for  steel  penetration  by  primary  fragments  according  to  these  equations 
are  presented  in  figures  5-28  and  5-29. 


To  estimate  the  penetration  of  metal  fragments  other  than  armor  piercing,  the 
procedures  outlined  in  Section  *1-60.3  of  Volume  IV  are  entirely  applicable  to 
steel  plates. 

5-U9.3  Residual  Velocity  After  Perforation  of  Steel  Plate 

The  penetration  equations  presented  in  Section  5-49.2  may  be 
predicting  the  occurrence  of  perforation  of  metallic  barriers 
calculating  the  residual  fragment  velocity  after  perforation. 

For  normal  impact  of  a  steel  fragnent,  with  the  shape  illustrated 
*1-77  of  Volume  IV,  the  equation  for  residual  velocity  is: 

2  1/ 

Vr/Vs  -  [l  -  (Vx/Vs)  ]  2/(1  ♦  t/d) 

where  V  -  residual  velocity 

p 

V^  -  striking  velocity 

V  *  critical  perforation  velocity 
for  the  fragment  of  impacting 
the  plate  of  thickness  t  (see 
explanation  below) 

d  *  diameter  of  cylindrical  portion  of  frag¬ 
ment  in.,  as  illustrated  in  figure  4-77 

Tne  value  of  Vx  is  determined  from  figire  5-28  or  5“29  by  substituting  the 
plate  thickness,  t,  for  the  penetration  depth,  x,  and  reading  the 
corresponding  value  of  striking  velocity,  Vs*  This  striking  velocity  becomes 
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Figure  5-28  Steel  penetration  design  chart  -  A P  steel  fragments 
penetrating  mild  steel  plates 
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Figure  5-29  Steel  penetration  design  chart  -  mild  steel  fragments 
penetrating  mild  steel  plates 


the  critical  perforation  velocity,  Vx.  A  plot  of  the  residual  velocity 
equation  for  a  range  of  t/d  ratio?  I?  presented  in  figure  5-30. 

Multiple  plate  penetration  problem?  may  be  analyzed  by  the  successive 
application  of  equation?  5-6*1  or  5-65  for  predicting  the  depth  of  penetration 
and  equation  5-66  for  calculating  the  residual  velocity  upon  perforation  of 
the  plate.  In  addition,  composite  construction ,  consisting  of  ooncrete  walls 
with  attached  spill  plates,  can  be  analyzed  for  fragment  Impact  by  tracing  the 
motion  of  the  fragment  through  each  successive  layer.  The  striking  velocity 
of  the  fragment  upon  each  i  n*“  ermedl  ate  laye**  is  the  residual  fragment  velocity 
after  perforation  of  the  previous  layer.  The  conservative  assumptions  are 
made  that  the  fragment  remains  intact  during  the  penetration  and  that  it  does 
not  deviate  from  a  straight  line  path  as  It  crapses  the  Interfaces  between  the 
different  media. 

TYPICAL  DETAILS  FOR  BLAST -RESISTANT  STEEL  STRUCTURES 
5-50  General 

This  section  presents  several  examples  of  typical  framing  connection, 
structural  details  and  blast  doors  used  in  industrial  '  .nstall  ations  de*i  gied 
to  resist  accidental  blast  loadings.  Thi  s  section  is  Intended  to  augment 
tho^e  details  presented  in  prior  section*  of  this  volute. 

5-51  Steel  Framed  Buildings 

Su^h  b. tidings  re  often  rectangular  in  plan,  two  or  three  bays  wide  and  four 
or  more  boy*  long.  Figure  5-31  shows  an  examole  of  a  typical  framing  plan  for 
a  single-story  bidding  designed  to  re.  ist  a  pressure- time  blast  loading 
Impinging  on  the  structure  at  an  angle  wj„h  respect  to  Its  main  axes.  The 
structural  system  onnsists  of  an  orthogonal  network  of  rigid  frames.  The 
girder*  of  tne  frames  running  parallel  to  the  building  length  serve  ilso  as 
purlin?  and  are  placed,  for  ease  of  erection,  on  top  of  the  frames  spanning 
across  the  structure's  width. 

Fig ure?  5-32  to  5-36  present  typical  framing  details  related  to  the  general 
layout  or  figure  5-31-  As  a  rule,  the  columns  are  fabricated  without  splice*, 
the  plate  cover?  and  connection  plates  are  shop  welded  to  the  columns,  and  all 
girder  to  column  connections  are  field  bolted.  A  channel  is  welded  on  top  of 
the  frame  girders  to  cover  the  bolted  connections  and  prevent  (avoid) 
l  nterf  ere.nce  with  the  roof  decking.  All  of  the  framing  connections  are 
designed  to  minimize  *t  ress  concentrat  i  ons  and  to  avoid  tri-axial  strains. 
They  combine  ductility  with  ease  of  fabrication. 

5-52  Cold-formed,  Hgftt  Cage  Steel  Panels 

Figure  5-36  shows  typical  cross-section?  of  cold-formed,  light  gage  steel 
panel*  commonly  i*ed  in  industrial  ir*  tallation? .  The  closed  sections,  which 
are  composed  of  a  corrugated  hat  section  and  a  flat  sheet,  are  r*ed  to  resist 
b]  a*  t  p~e?.*.jre?  in  the  1  >w  pressure  range,  whereas  the  open  hat  *ectton  is 
recommended  only  for  very  low  pressure  situation  as  siding  or  roofing 
j.aterial.  A  t>plcal  vertical  *ection  illustrate?  the  attachment  of  the  steel 
paneling  to  the  supporting  members.  Of  partir.iiar  interest  is  the  detail  at 
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Figure  5-30  Hesldual  fragment  velocity  upon  perforation  of 
steel  barriers 
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Typical  framing  plan  for  a  single-story  blast- resistant 
steel  structure 
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Figure  5-32  Typical  framing  detail  at  Interior  Colian  2-C 
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Typical  framing  detail  at  end  Column  1-C 
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Figure  5-35  Typical  framing  detail  at  corner  Column  i-D 
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the  corner  between  the  exterior  wall  arid  the  roof,  which  is  designed  to 
prevent  peeling  of  the  decking  that  may  be  caused  by  negative  pressures  at  the 
roof  edge  . 


Figure  5-3/  give*  seme  typical  arrangement.*  welded  connections  for 

attaching  cold-formed  steel  panels  to  their  supporting  element.*.  Tyoe  A 
rerers  to  an  i  at  ermedt  .it  e  support  whereas  Type  3  refers  to  an  end  support,  it 
is  recommended  that  the  diameter  of  puddle  welds  be  3/^  of  an  inch  mlnimun  aril 


should  not  exceed  1-1/2  Inches  because  of  space  limitations  in  the  p»nel 
valleys.  For  deeper  panels,  it  is  often  necessary  to  provide  two  rows  of 
puddle  welds  at  the  intermediate  supports  in  order  to  resist  the  uplift  forces 
in  rebound.  It  should  be  noted  that  welds  close  to  the  hoo*ed  edge  of  tho 
panel  are  recommenued  to  prevent  lifting  of  adjacent  panels. 

Figire  5-33  shows  an  arrangement  of  bolted  connections  for  the  attachment  of 
oold-formed  steel  panel*  to  the  structural  framing.  The  twlted  connection 
consists  of  the  following:  a  threaded  stud  resistance  welded  to  the 

supporting  member,  a  square  steel  block  with  a  concentric  hold  u*ed  as  a 
spacer  and  a  washer  and  nut  for  fa*tening.  Figire  5*39  presents  a 
cross-section  of  that  connection  with  all  the  relevant  details  along  with 
information  pertaining  to  puddle  welds. 

5*53  Blast  Doors 


Figure*  5*^0  and  5-^1  show  details  of  single-leaf  and  double-leaf  blast  doors, 
respeotl  *ely .  Figure  5-^0  presents  a  single-leaf  door  lr.*talled  in  a  steel 
structure.  The  design  is  typical  of  door*  intended  to  res.st  relatively  low 
pressure  levels.  It  Is  Interesting  to  note  that  the  door  is  furnished  with 
its  tubing  frame  to  Insure  proper  fabrication  ano  to  pro*  '  de  adequate 
stiffness  during  erection.  In  the  case  of  figure  5-m,  the  doutlelcaf  door 
with  It*  frame  is  Installed  in  place  and  attached  to  the  concrete  structure. 
In  both  figure*  details  of  hinges,  latches,  anchors  and  panic  hardware  are 
Illustrated.  It  «hould  be  noted  that  the  pins  at  the  panic  latch  ends  are 


made  of  aluminum  in  order  to  eliminate  the  danger  of  sparking,  a  hazard  in 
ammuiition  facilities,  which  might  arise  from  steel-on-steel  striking. 

Figure  S-^2  shows  detail*  of  compres*ion  arch  arid  tension  arch  doors.  The 
tension  arch  door  requires  compression  tie*  to  develop  the  compression 
reactions  for  the  arch  and  to  prevent  the  door  from  being  blown  through  the 
opening.  The  compression  arch  door  requires  a  tension  tie  plate  to  develop 
the  reactions  and  to  prevent  large  distortions  in  the  door  that  may  bind  It  in 
place . 
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Typical  welded  connections  For  attaching  cold-foraed  steel 
panels  to  supporting  members 
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Figure  5-39  Details  of  typical  fasteners  for  cold-for»e<l  steel  panels 
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Figure  5-40  Single-leaf  blast  door  Installed  In  a  steel  structure 
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Figure  5-MI  Double-leaf  blast  door  Installed  In  a  concrete  structure 
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Figure  5-H2  Coo pres? Ion- arch  and  ten? Ion- arch  blaat  door? 

-116- 


r 

1  • 

0 

1 

APPENDIX  5A  -  ILLUSTRATIVE  EXAMPLES 

• 

This*  appendix  presents  detailed  design  procedures*  and  numerical  example!*  on 
the  following  topics: 

1  • 

Flexural  elements  subjected  to  pressure-time  loading 

• 

2. 

Lateral  bracing  requirements 

3. 

Cold-formed  steel  panels 

JK 

Columns  and  beam-columns 

5. 

Open-web  Joists 

6. 

Single-story  rigid  frames 

7. 

Blast  doors 

8. 

U asymmetrical  bending 

References*  are  made  to  the  appropriate  sections*  of  this*  Volume  and  to  charts, 
tables  and  equations  from  Volume  III  "Principles  of  Dynamic  Analysis". 

• 

. 

Problem  5A-1  Design  of  Beams  for  Pressure-Time  Loading 

• 

problem: 

Design  of  a  purlin  or  girt  as  a  flexural  member  which  responds  to 
a  pressure-time  loading. 

• 

Procedure: 

Step  1. 

Establish  the  design  parameters: 

a.  Pressure-time  load 

b.  Design  criteria:  Maximum  support  rotation,  e,  depending  on 

protection  category. 

c.  Span  length,  L,  beam  spacing,  b,  and  support  conditions. 

d.  Properties  and  type  of  steel  used,  i.e.#  fy  and  E. 

Step  2. 

Determine  the  equivalent  static  load,  w,  using  the  following  pre¬ 
liminary  dynamic  load  factors  as  discussed  in  Section  5-22.3- 

m 

1 .0  for  0-2° 

DLF  - 

0.5  for  9-12° 

# 

* 

Step  3. 

Using  the  appropriate  resistance  formula  from  table  3-;  and  the 
equivalent  static  load  derived  in  Step  2,  determine  Mp. 

• 

• 

Step  U. 

Select  a  member  size  using  equation  5-7  or  5-8.  Check  the  local 
buckling  criteria  of  Section  5-2H  for  the  member  chosen. 

A-1 

Stop  5- 

Determine  the  mas?,  m,  Including  the  weight  of  the  decking  over  a 
distance  center-to-center  of  purlin?  or  girt?,  and  the  weight  of 
the  member?. 

Step  6. 

Calculate  the  equivalent  ma??  Me  u?ing  table  3“12  (Volume  III), 

Step  7. 

Determine  the  equivalent  ela?tic  ?tiffne??  Kg  from  table  3-1. 

Step  8. 

Calculate  the  natural  period  of  vibration,  T^,  u?ing  equation 
5-15. 

Step  9. 

Determine  the  total  re?i?tance,  Ru<  and  peak  pressure  load,  P. 
Enter  appropriate  chart  in  Section  3-19.3  with  the  ratio?  T/T^  and 
P/Ry  and  the  value?  of  C-j,  and  C2  in  order  to  establish  the 
ductility  ratio  p. 

Step  10. 

Check  the  assumed  DIF  used  in  Step  4.  Enter  the  response  charts 
with  the  ratio  T/T^  and  u  and  determine  tg.  Using  equation  5-1, 

determine  the  strain  rate.  Using  figure  5 -2,  determine  the  DIF, 
C.  If  there  is  a  significant  difference  from  that  assumed,  repeat 
Step?  4  through  9. 

Step  11. 

Calculate  the  equivalent  elastic  deflection  Xg  as  given  by  the 
equation 

XE  .  ru/ke 

and  establish  the  maximum  deflection  given  by 

Xm  '  «XE 

Compute  the  correspond! ng  member  end  rotation.  Compare  8  with  the 
criteria  summarized  in  Section  5-35. 

Step  12. 

tan  0  -  Xn)/(L/2) 

Check  for  shear  using  equation  5-16  and  table  3“9. 

Step  13. 

If  a  different  member  size  is  required,  repeac  Steps  2  through  12 
by  selecting  a  new  dynamic  load  factor. 

Required: 

Example  5A-1  Design  of  a  Beam  for  Pressure-Time  Loading 

Design  a  simply-supported  beam  for  shear  and  flexure  in  a  low 
pressure  range  where  personnel  protection  is  required. 

ctep  1 . 

Gl ven: 

a.  Pressure-time  loading  (fig.  5A-1) 

A -2 


b.  Criteria:  Personnel  protection  required.  Support  rotation 

.limited  to  2*. 

c.  Structural  configuration  (fig,  5A-P. 

d.  fy  •  36  ksi,  E  •  30  x  103  ksi,  A36  steel 

e.  Compression  flanged  braced. 


Figure  5A-1 


Beam  conf iguration  and  loading,  Example  5A-1. 


Step  2.  Determine  the  equivalent  static  load  (i.e.,  required  resis¬ 
tance).  For  this  pressure  range,  the  equivalent  static  load  is 
assumed  equal  to  the  peak  pressure  (Section  5-22.3).  The  running 
load  beoomes: 

w  -  1.0  x  6.5  x  4.5  x  144/1000  -  4.21  k/ft 


Step  3.  Determine  required  Mp. 

wL2  4.21  x  I72 


MP  '  T 


-  152.1  k-ft 


Step  4.  Select  a  member. 

(s  .  Z)  ■  P-.  ?»-  ’*?•;  »  1S.  V.k  m3 

l03  *' 

where 


»axoxf»1.1x  1.29  x  36  -  51.1  ksi 


(table  3-1) 


(eq.  5-7) 


(eq.  5-2) 


A-3 


where 


Step  5. 


Step  6. 


Step  7. 


Step  8. 


a  -  1.1  from  Section  5-13.2 


c  -  1.29  corresponding  to  a  DIF  in  the  low 
pressure  range  (see  table  5'2) 

Select  W12  x  26,  S  -  33.4  in3 

Z  -  37.2  in3 

S  ♦  Z  -  70.6  in3 


I  -  204  in4 


M  -  (70.6  x  51 . 1 )/ (2  x  12)  -  150.3  k-ft 
P 

Check  local  buckling  criteria. 

d/t  -  53.1  <  41 2/ (f  )1/2  -  68.7  O.K.  (eq.  5-17) 

w  y 

bf/2tf  -  8.5  O.K.  (Section  5-24) 


Calculate  M. 


wL  [(4,5  x  4.8)  ♦  26]  (17  x  106) 
g  32.2  x *1*000 


25,130  (k-ms2)/ft 


Calculate  the  effective  mass,  Me,  for  a  response  in  the  elasto- 
plastic  range. 


K,  ^  -  (0.78  ♦  0.66)/2  -  0.72  (table  3-12) 

LM 

-  0.72  x  25,130  -  18,100  k-ms2/ft 

0 

Determine  K£. 

K  -  — q~— -  -  -~~r - -1-0-3  —  — —  -  66«  k/rt  (table  3-3) 

b  5LJ  5  x  17J  x  1«4 

Calculate  T^. 

Tu  -  2it'M  /K_)1/2  -  2x(l 8, 100/664) 1/2  (eq.  5-15) 

N  e  b 


A-U 


Step  9 


Establish  the  ductility  ratio  u  and  compare  with  the  criteria 


Step  10. 


T/T,,  -  <10/32.8  -  1.22 
N 

6.5  x  17  x  0.5  x  100  „  £ 

P  -  p  x  L  x  b - fooo - 7K6  klp? 


R  -  8M  /L  -  (8  x  150.3J/17  -  70.7  kips 
u  p 


P/Ru  -  71.6/70.7  •  1.01 


From  figure  3~60a, 


u  -  X  /X.  -  2.1 
01  & 

At  this  point,  the  designer  would  check  lateral  bracing 
requirement?.  Sample  problem  5A-2  outlines  this  procedure. 

Check  the  assumed  DIF.  From  Table  3~64a,  for  P/Ru  -  1.01  and  T/T^ 

-  1.22. 


t^/T  •  0.24 

t  -  0.24  x  40  •  9.6  ms 

w 


Find  t: 

i  -  f  .  /E  t_  -  51.1/30  x  10^  x  .0096  -  0.177  ln/ln/sec 
as  S  E 

(eq.  5-1) 


From  figure  5-2 


DIF  -  1.31  -  1.29  O.K . 


Determine  Xg? 


X  -  R  /K_  -  (70.7  x  1 2 ) / 660  -  1.28  Inch 
E  U  E 


A -5 


Step  11. 


Find  Xmi 


Step  12. 


Problem: 


procedure; 
Ttep  l . 


X  -  pX-  2.1  x  1.28  -  2.69  Inches 

□3  b 

Find  end  rotation,  0. 

tan  e  -  X  / (L/2)  -  2. 69/(8. 5  x  1 2)  -  0.0264  (table  3~5) 

n 

6  -  1.52°  <  2°  0.K . 

Check  shear. 

Dynamic  yield  stress  in  shear 

f  .  -  0.55  -  0.55  x  51.1  -  28.1  ksi  (eq.  5-*0 

dv  ds 

Ultimate  shear  capacity 

V  -  f  .  x  A  28.1  x  0.23  x  12  -  77.6  kips  (eq.  5-16) 

p  dv  w 

Maximum  support  shear 

Vs  "  ru  x  1/2  m  Ru/2  "  70,7  72  *  35#i4  kip3  (table  3~9) 

V  >  V  O.K. 

P  * 


Problem  5A-2  Spacing  of  Lateral  Bracing 

Investigate  the  adequacy  of  the  lateral  bracing  specified  for  a 
flexural  member. 

The  design  procedure  for  determining  the  maximum  permissible  spac¬ 
ing  of  lateral  bracing  is  essentially  a  trial  and  error  procedure 
if  the  unbraced  length  is  determined  by  the  consideration  of  lat¬ 
eral  torsional  buckling  only.  Howe/er ,  in  practical  design,  the 
unbraced  length  is  usually  fixed  by  the  spacing  of  purlins  and 
girts  and  then  must  be  investigated  for  lateral  torsional  buckl¬ 
ing. 


Establish  design  parameters. 

a.  Bending  moment  diagram  obtained  from  a  design  analysis. 


A-6 


b. 


c. 


Unbraced  length,  l,  and  radius  of  gyration  of  the  member,  -  , 
about  its  weak  axis. 

Dynamic  design  strength,  f^.  (Section  5-13) 


* 


* 


d.  Design  ductility  ratio,  p,  from  a  design  analysis. 


Step  2.  From  the  moment  diagram,  find  the  end  moment  ratio,  M/Mp,  for  each 
segment  of  the  beam  between  points  of  bracing. 

(Note  that  the  end  moment  ratio  is  positive  when  the  segment  is 
bent  in  reverse  curvature  and  negative  when  bent  in  single  curva¬ 
ture)  . 

Step  3*  Compute  the  maximum  permissible  unbraced  length,  lcp,  using 

equation  5-20  or  5-21,  as  applicable.  Since  the  spacing  of  pur¬ 
lins  and  girts  is  usually  uniform,  the  particular  unbraced  length 
that  must  be  investigated  in  a  design  will  be  the  one  with  the 
largest  moment  ratio.  The  spacing  of  bracing  in  non-yielded  seg¬ 
ments  of  a  member  should  be  checked  against  the  requirements  of 
Section  1.5. 1.1*. 5a  of  the  AISC  Specification  (see  Section  5-26.3). 

Step  H.  The  actual  length  of  a  segment  being  Investigated  should  be  less 
than  or  equal  to  £cr. 


* 


Example  5A-2  Spacing  of  Lateral  Bracing 

Required:  Investigate  the  unbraced  lengths  shown  for  the  W10  x  39  beam  in 

figure  5A-2. 


Step  1 • 


Step  2. 


Step  3. 


Given: 

a.  Bending  moment  diagram  shown  in  figure  5A-2. 

b.  Unbraced  length  (each  segment)  *  36  inches 

ry  •  1.98  inches 

c.  Dynamic  design  stress  ■  51.1  ksi 

d.  Design  ductility  ration,  p  •  5. 

The  moment  ratio  is  -0.5  for  segments  3C  and  CD  (single  curvature) 
and  0.5  for  segments  AB  and  DE  (double  curvature). 

Determine  the  maximum  permissible  unbraced  length.  By  Inspection, 
equation  5-21  result*  In  the  lower  value  of  t 

cr 

8tcr  13-5 
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Mp 


A, E  SUPPORTS 

B,  C,Q  BRACING 
LOCATIONS 


Figure  5A-2  Bending  moment  diagram.  Example  5A-2 
x 


From  figure  5-9  for  — 2 — 

XE 

.  .  1375  x  1.98 

*  *  lcr  “  1.36  x  51.1" 


5.  8  -  1.36 
39.2" 


Step  H.  Since  the  actual  unbraced  length  is  less  than  39.2  inches,  the 
spacing  of  the  bracing  is  adequate. 


Problem  5A-3  Design  a  Roof  Deck  as  a  Flexural  Member  which  Responds 

to  Pressure-Ti«e  Loading 

Problem:  Design  of  cold-fonmed ,  light  gauge  steel  panels  subjected  to  pres¬ 

sure-time  loading. 

Step  1.  Establish  the  design  parameters; 

a.  Pressure- tl me  loading 

b.  Design  criteria:  Specify  values  of  u  and  e  depending  upon 
whether  tension-membrane  action  is  present  or  not. 

c.  Span  length  and  support  conditions 

d.  Mechanical  properties  of  steel 

Step  2.  Determine  an  equivalent  uniformly  distributed  static  load  for  a  1- 
ft  width  of  panel,  using  the  following  preliminary  dynamic  load 
factors , 
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Tension-membrane  Tension-membrane 

action  not  present  action  present 

DLF  1.33  1-00 

These  load  factors  are  based  on  an  average  value  of  T/T^  -  10.0 

and  the  ;  -commended  design  ductility  ratios.  They  are  derived 
using  figure  3“6^. 

Equivalent  static  load  w  -  DLF  x  p  x  b 

b  -  1  ft. 

Step  3. 

Using  the  equivalent  load  derived  In  step  2,  determine  the  ulti¬ 
mate  moment  capacity  using  equation  5*29  or  5~30  (assume  positive 
and  negative  are  the  same). 

Step  4. 

Determine  required  section  moduli  using  equation  5“27  or  5-28. 

Select  a  panel. 

Step  5. 

Determine  actual  section  properties  of  the  panel: 

S  ,  S  ,  1 2 0 *  w# 

Step  6. 

Compute  ry,  the  maximum  unit  resistance  per  1-ft  width  of  panel 
using  equation  5*29  or  5“30. 

Step  7. 

Determine  the  equivalent  elastic  stiffness,  Kg  -  ruk/xE*  using 
equation  5*31  - 

Step  8. 

Compute  the  natural  period  of  vibration. 

T„  -  2tt(0. 7*4  mL/Kr)1/2  (eq.  5~32) 

Step  9. 

Calculate  P/ru  and  T/T^.  Enter  figure  3-6*1  with  the  ratios  P/ru 
and  T/Tfl  to  establish  the  actual  ductility  ratio  u. 

Compare  u  with  the  criteria  of  step  1.  If  y  if  larger  than  the 
criteria  value,  repeat  steps  H  to  9. 

Step  10. 

Compute  the  equivalent  elastic  deflection  Xg  using  Xg  -  raL/Kg. 

Evaluate  the  maximum  deflection,  X^  •  u*g. 

Determine  the  maximum  panel  end  rotation. 

8  -  tan”1  [X  / (L/2) ] 
ra 

Compare  e  with  the  criteria  of  step  1.  If  8  is  larger  than  speci¬ 
fied  in  the  criteria,  select  another  panel  and  repeat  steps  5  to 
10. 


Step  11. 

Check  resistance  In  rebound  using  figure  5-13* 

Step  12. 

Check  panel  for  maximum  resistance  in  shear  by  applying  the  cri¬ 
teria  relati ve  to: 

a.  Simple  shear,  table  5-5a,  5-6a  or  5-7a. 

b.  Combined  bending  and  shear,  Table  5“5h,  5-6b  or  5~7b. 

c.  Web  crippling,  figures  5-15  or  5-16, 

If  the  panel  Is  inadequate  In  shear,  select  a  new  member  and 
repeat  steps  4  to  12. 

Example  5A“3  Design  a  Roof  Deck  a 3  a  Flexural  Meaber  which  Responds 

to  Pressure-Time  Loading 


Required: 

Design  a  continuous  cold-formed  steel  panel  in  a  low  pressure 
range . 

Step  1 . 

Given: 

a.  Pressure- time  loading  (figure  5A-3). 

b.  Criteria:  (Tension-membrane  action  present) 

maximum  ductility  ratio  ^max  *  ® 

maximum  rotation  0max  -  4° 

c.  Structural  configuration  figure  5A-3- 

d.  Steel  A446,  grade  a 

E  -  30  x  106  pel 

fd9  -  a  x  e  x  fy  -  1.21  x  1.1  x  33,000  -  44,000  pM 

(eq.  5-26) 

Step  2. 

Determine  the  equivalent  static  load. 

Say  DLF  -  1.0 

w  -  DLF  x  p  x  b  -  1.0  x  5.0  X  12  x  12  -  720  lb/ft 

Step  3. 

Determine  required  ultimate  moment  capacities.  For  preliminary 

selection,  assume 

M„„  *  M,  -  wL*V1 0.8  -  720  x  (4.5)2/l0.8  -  1  ,350  lb- ft 
up  un 

(eq.  5-30) 
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r - i 

F - 3 

<-6n 

4'- 6" 

4-6" 

Figure  5A-3  Roof  decking  configuration  and  loading.  Example  5A-3 
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Step  4. 


Step  5. 


Step  6. 


Step  7. 


Step  8. 


Determine  required  section  moduli. 

S*  -  s”  -  (1350  x  12)/4*l,000  -  0.368  in3 

(Select  Sec.  3*18,  1 -1/2  inches  deep) 
Determine  actual  section  properties. 

For  manufacturer rs  guide: 

S*  -  0.398  in3 

S"  -  0.380  in3 

I20  •  0.337  in'4 

w  -  2.9  p?f 


Compute  maximum  unit  resistance  ru< 


Mup  ’  (4,1‘-000  x  0. 398)/12  -  1,*»59  lb-ft 


M  -  (44,000  x  0.380)/12  -  1,393  lb-ft 
un 


(eq.  5-27) 
(eq.  5-23) 


r„  "  3-6  (M  ♦  2M  )/L2  -  (1,393  ♦  2  x  1 ,  **59)  -  766  lb/ft 

u  un  up  ^2 

(eq.  5-30) 

Determine  equivalent  static  stiffness. 


„  ruL  SI20  X  ru  X  L 
k£  .  —  - - 


El 


20 


E  0.0062  x  ru  x  L44  0.0062  L3 


(eq.  5-3D 


— 30_* J_0  *  0*_337_  .  j 2**, 260  10/ft 

0.0062  (4.5J)  x  mu 


Com’  e  the  natural  period  of  vibration  for  the  1-ft  width  of 
panel . 

mL  -  w/g  -  (2.9  x  10^  x  *).5)/3 2.2  -  4.05  x  105  lb-ms2/ft 
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Step  9. 


Step  10. 


Step  11. 


Step  12. 


Tn  -  2»[(0.7<l  x  *(.05  x  105)/12*(,26o]1/2  -  9.75  m?ec 

Calculate  P/ru  and  T/TN 

P  -  p  x  b  -  5.0  x  12  x  12  -  720  lb/ft 

P/ru  -  720/766  -  0.9*1 

T/T„  -  *(0/9.75  -  *(.10 

N 

Entering  figure  3~6*(a  with  theee  value?. 

X  /X_  -  3.5  <  6  O.K. 
m  h 

Check  maximum  deflection  and  rotation. 

X  -  r  L/K  -  766  x  4. 5/124,260  -  0.028  ft 

b  U  Ci 

X  -  3.5  X_  -  0.098  ft 

m  E 

6  -  tan'1  [X  / (L/2)  ]  -  tan-1  [0.098/2.25]  -  2.5*  <  **#  O.K. 
m 

Check  resistance  in  rebound. 

From  figure  5*13,  r/r  -  0.33;  O.K.  since  available  maximum  elas¬ 
tic  resistance  in  rewound  is  approximately  equal  to  that  under 
direct  loading. 

Check  resistance  in  shear. 

a.  Interior  support  (combined  shear  and  bending). 

Determine  dynamic  shear  capacity  of  a  1  —  ft  width  of  panel: 

h  -  (1.500  -  2t )  inches,  t  -  0.048  inch 
-  1.500  -  o.096  -  1.404  Inches 

h/t  -  1.404/0. 04Q  -  29.25  -  30 
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f 


10.811  k?i 


(table  5-5) 


Total  web  area  for  1-ft  width  of  panel: 

(8  x  h  x  t )/2  -  H  x  1.H0H  x  0.0*18  -  0.270  In2 
Vy  -  0.270  x  10.8*1  -  2.92  k  -  2.922  lb 
Determine  maximum  dynamic  shear  force: 

The  maximum  shear  at  an  interior  support  of  a  continuous 
panel  using  limit  design  is: 

Vmav  -  0.55  r  L  -  0.55  x  766  x  4.5  -  1.896  lb 
max  u 

-  1,896  lb  <  2,9?2  lb  O.K. 

End  support  (simple  shear) 

Determine  dynamic  *hear  capacity  of  a  1-ft  width  of  panel: 

For  h/t  <  57.  -  0.50  f  .  -  0.5  x  44.0  -  22.0  ksi 

—  dv  ds 

(table  5 -5a ) 

Vy  -  0.270  x  22,000  -  5,940 
Determine  maximum  dynamic  *hear  force: 

The  maximum  shear  at  ar  end  support  of  a  continuous  panel 
using  limit  design  is 

7max  '  °-*5  »  ru  *  L  '  V-'S*  766  7 

-  1.551  lb  <  5.9*10  lb  O.K. 

Web  crippling  (*t  web?  per  foot) 

End  support  (N  -  2-1/2  inche?) 

Qy  -  1,200  x  *1  -  *1,800  lb?  >  1,551  O.K.  (figure  5-15) 
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Probl em: 

procedure: 
Step  1, 


Step  2. 

Step  3. 

Step  4. 

Step  5. 


Interior  support  (N  -  5  inches) 

Qu  -  (2,400  x  4)/2  -  4,800  lbs  >  1 ,896  O.K. (figure  5-16) 

Probl e*  5A-4  Design  of  Columns  and  Beaa-Colunno 

Design  a  column  or  beam-column  for  axial  load  combined  with  bend¬ 
ing  about  the  strong  axis. 


Establish  design  parameters. 

a.  Bending  moment  M,  axial  load  P  and  shear  V  are  obtained  from 
either  a  preliminary  design  analysis  or  a  computer  analysis. 

b.  Span  length  l  and  unbraced  lengths  lx  and  ty. 

c.  Properties  of  structural  steel: 

Miniratra  yield  strength  fy 

Dynamic  increase  factor  c  (tabie  5-2) 

Dynamic  design  strength  f^  (eq.  5-2) 

Select  a  preliminary  member  size  with  a  section  modulus  S  such 
that  S  >  M/f^  and  bf/2tr  complies  with  the  structural  steel  being 

used  (Section  5-24). 

Calculate  Py  (Section  5-24)  and  the  ratio  P/Py,  Using  either 

equation  5-17  or  5-18,  determine  the  maximum  allowable  d/tw  ratio 

and  compare  it  to  that  of  the  section  choson.  If  the  allowable 
d/tw  ratio  is  less  than  t'uat  of  the  trial  section,  choose  a  new 

trial  section. 

Check  the  shear  capacity  of  the  web.  Determine  the  web  area  Aw 
(Section  5*23)  and  tne  allowable  dynamic  shear  stress  fdv  (equa¬ 
tion  5-4).  Calculate  the  web  shear  capacity  Vp  (equation  5-16) 

and  compare  to  the  design  shear  V.  If  inadequate,  choose  a  new 
trial  section  and  return  to  Step  3. 

Determine  the  radii  of  gyration,  rx  and  ry,  and  plastic  section 
modulus,  Z,  of  the  trial  section  from  the  AISC  Handbook. 
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Step  6.  Calculate  the  following  quantities  using  the  various  design  param¬ 
eters: 

?.  Equivalent  plastic  resisting  moment 

Mp  -  fd?Z  (eq.  5-8) 

t>.  Effective  slenderness  ratios  Kix/rx  and  K iy/ry.  For  the 

effective  length  factor  K,  see  Section  1,8  of  the  Commentary 
on  the  AISC  Specif ication  and  Section  5-38. 

c.  Allowable  axial  stress  Fa  corresponding  to  the  larger  value 
of  Kfc/r . 

d.  Allowable  moment  Mm  from  equation  5-^7  or  5-**8. 

e.  F*  and  "Euler"  buckling  loao  P  (Section  5-3 f - 3) - 

e  e 

f.  Plastic  axial  load  P-  (Section  5-37.3)  and  ultimate  axial 
load  Pu  (equation  5-^2). 

g.  Coefficient  Cm  (Section  1.6.1  AISC  Specification). 

Step  7.  Using  the  quantities  obtained  in  Step  6  and  the  applied  moment  h 
and  axial  load  P,  check  the  interaction  formulas  (equations  5-M 
and  5-^5).  Doth  formulas  must  be  satisfied  for  the  trial  section 
to  be  adequate. 


Example  5A-*»  (a)  Design  of  a  Roof  Girder  as  a  Beao-Colixnn 

Required:  Design  a  fixed-ended  roof  girder  in  a  framed  structure  for  com¬ 

bined  bending  and  axial  load  in  a  low  pressure  range. 

Step  1.  Given: 

a.  Preliminary  computer  analysis  gives  the  following  values  for 
design: 


Mx  -  115  ft-kips 
M  -  0 

y 

P  -  33.5  kips 
V  -  15.1  kips 

b.  Span  length  Zx  -  17’-0M 

Unbraced  lengths  ix  -  17* -C"  and  iy  -  17* -0" 

c.  A36  structural  steel 
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Step  2. 


Step  3. 


Step  *J. 


t  -  36  k?i 
c  -  1.29 
a  -  1.1 


(table  5-2) 
(Section  5-12. 1) 


f  -  c  x  a  x  f  -  1.29  x  i.l  x  36  -  51.1  k?i(eq.  5-2) 

Q5*  Jr 


S  •  M  /f .  -  115  (12J/51.1  -  27.0  in3 

x  a? 


Try  W  12  x  30  (S  -  38.6  inJ) 
2 


A  -  8.79  in 


bf/2tf  -  7 •  *•  <  8.5  O.K. 


d/tw  -  1)7.5 


(Section  5—2 4 ) 


Py  -  Af  -  8.79  x  36  -  316  kips 


P/Py  -  53.5/316  -  0.1G9  <  0.27 


d/t  -  (4l2/(f  )1/2)  [1  -  1.4  (P/P  )] 
w  y  y 


,1/2 


(Section  5-24) 


(eq.  5-17) 


-  (412/(36)  )  [1  -  1.4  (0.169)3  -  52.4  >  47.5  O.K. 


Vp  -  fdvAu  (eq.  5-16) 

fdv  -  0.55  rds  -  0.55  (51.1)  -  28.1  k?i  (eq.  5-4) 


Ay  -  tw(d  -  2tf)  -  0.260  [12.34  -  2  (0.440)] 


2.98  ln‘ 


(Section  5-23) 


Vp  -  28.1(2.98)  -  83.7  kip?  >  15.1  kip?  O.K. 
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Step  5. 


Step  6. 


rx  -  5.21  in. 
ry  -  1.52  in. 


Z  -  43. 1  in- 


(AISC  Manual) 


M  -  f\  x  Z  -  51.1  x  43.1  x  1/12  -  183.5  f t-ki p? 
px  a?  x 

(eq.  5-8) 


(Section  5-39) 


b.  K  -  0.75 


Klx/rx  ’  C°* 75(17)123/5. 21  •  29 


Kty/ry  -  [0.7S(17)12]/1.52  -  101 


F  -  12.85  k?i  for  Kl  Jr  -  101  and  r  -  36  k.«l 
a  y  y  y 


(Appendix  A,  AISC 
Specification) 


1.42(  12.85)  -  18.25  kM  for  -51.1  kM 
(l/r  )  (f  ),/Z 

- 3TT55 - 1  V  i  V  <«•  5-*7) 


J/2 


[,.07  _  ( 5-~l— — ]  183.5  -  1*10.6  <  183.5  ft-klp? 


f  ■ _ .1 2i!e _ .  ,77.6  KM 

ex  23(KJL/r  )2  23(29)2  (Section  5-37.3) 

D  X 


23AF 

9  m  •  •  — — 

ex  12 


PP  " 


ex  23(8.79)177.6 
12 


-  2.992  kip? 

(Section  5-37.3) 


f . 


f„  A  -  51.  K8.79)  -  H49  kip? 
a? 


(Section  5-37.3) 


1.7(8.79)18.25 


273  kips 


Step  7. 


Required: 

Step  1  . 


PU  * 


(eq.  5-^2) 


g.  Cmx  -  0.85 


(Section  1.6.1,  AISC 
Specification) 


p  GmxMx  c^yMy  <  1 

pu  *  n--  p/p;x)«„x  *  Ti  -  p/p„w„y ' 


(eq.  5-4U) 


■  %!  •  n^'rf&iinTCs  •  °-196  *  °-na  -  0-9°“  <  1  °-K' 


P  Mx  -My  <  1 

P~  *  1.18M  *  1.18M  “ 

P  px  py 


(eq.  5-^5) 


53.5  115 

449  1 .18(183.5) 


-  0.119  ♦  0.531  -  0.650  <  1  O.K , 


Trial  section  meets  the  requirements  of  Section  5-37.3. 


Example  5A-4  (b)  Design  of  Column 

Design  of  an  exterior  fixed-pinned  column  in  a  framed  structure  for 
biaxial  bending  plus  axial  loads  in  a  low  pressure  range. 

Gi ven: 

a.  Preliminary  design  analysis  of  a  particular  column  gives  the 
following  values  at  a  critical  section: 

Mx  -  311  f t-ki ps 

M  -  34  f t-ki ps 

y 

P  -  76  kips 
V  -  54  kips 

b.  Span  length  l  -  17* -3" 

Unbraced  lengths  lx  .  17»~3"  and  iy  .  (laterally  sup¬ 

ported  by  wall  girts). 
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c.  A36  structural  steel 
t  -  36  ksl 

c  -  1.29  (table  5-2) 

a  -  l.i  (Section  5-12.1) 

r  -  a  x  c  x  f  -  1.1  x  1.29  x  36  -  51.1  ksl  (eq.  5-2) 
a?  y 

Step  2. 

S  -  M  /fd5  -  311(1 2)/51 . 1  -  73.0  In3 

Try  W  1  4  x  68  (S  -  103  in3) 

A  -  20.0  In2  J/tw  -  33.8 

bf/2tf  -  7.0  <  8.5  O.K.  (Section  5-2*0 

Step  3. 

Py  -  Afy  -  20.0(36)  -  720  kips  (Section  5-2*0 

P/Py  -  76/720  -  0.106  <  0.27 

d/t  -  [412/(f  )1/2]  [1  -  1.4(P/P  )]  (eq.  5-17) 

w  y  y 

-  [412/(36)1/2]  [1  -  1.4(0.106)]  -  58.5  >  32.9  O.K. 

Step  U. 

V  -  f .  A  (eq.  5-16) 

p  dv  w 


f 


* 


f .  -  0.55  f,  -  0.55(51.1)  -  28.1  ksi  (eq.  5-4) 

dv  a* 

Aw  -  tw(d  -  2tf)  -  0.415  [14.04  -  2(0.720)]  -  5.23  in2 

(Section  5-23) 

V  -  28.1(5.23)  -  147  kips  >  54  kips  O.K. 
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Step  5* 


Step  6. 


ry  -  6,01  Inches 


Zx  •  115  in 
Zy  •  36-9  In 


a.  M  -  f.Z 
!>  u? 


M  -  51.1  x  115  x  1/12  -  490  ft-kips 

px 


M  -  51.1  x  36.9  x  1/12  -  157  ft-kips 

py 


Use  K  -  1.5 
Kt 


x  1.507.25)12  „ 

- Oi - 52 


y  1.5(4.00)12  „ 

ry  T45  ^ 


c.  F  -  18.17  ksi  for  Kl /r  -  52  and  f  -  36  ksi 
a  x  x  y 


1.42(18.17)  -  25.79  ksi  for  fds  -  51.1  ksi 


Mmv  -  ti  -  490  ft-kips 
ox  px 


Moy  *  Mpy  *  157  ft-klp9 


F* 

ex 


12t»2E 


23(Kib/rx)‘ 


1 2w~(29,000) 


23(52) 


-  55.2  ksi 


l;«  '^•°°°)  .  ,78  k.l 


*y  23(Kl6/r  >2  23I29)2 


(Section  5-37.3) 


Step  7. 


Pm  Dl  era: 

?r ^cedure: 
Step  1. 


P^AF  • 

-  _ex  23(20.0)55.2 


ex 


ey 


12 


12 


2,116  kips 


.  21L?2^ m.  .  6  823  KlpJ 


P  -  f .  A  -  51.1(20)  -  1,022  kip? 

P  <23 


P  -  1.7AF  -  1.7(20)25.79  -  877  kip? 

U  3 


(Section  5-37.3) 


(Section  5-37.3) 


C  -  C  -  0.85 
rax  ray 


p  CnxMx _ +  CmyMy  _ 

*1  rf  -  F/'p'ex,H.x  r'  -  e,W\, 


(Section  1.6.1,  AISC 
Specification) 


<  1 


76  0.85(31  1) _  _ 0. 85(  34) 

877  +  (1  -  7*5721*16)490  ff  -  75/6,823)157 


0.037  ♦  0.360  ♦  0.186  -  0.833  <  1 


0.K . 


(eq.  5-44) 


P/Pp  -  Mx/(1.l8Mpx)  -  My/(1.l8Hpy)  -  1 


(es.  5-45) 


76/1022  ♦  311/Cl .18(490)]  ♦  34/C  1 .19(157)3 


0.074  ♦  0.538  ♦  0.183  -  0.795  <  1 


0.K  • 


Trial  section  meets  the  requirement?  of  Section  5*37.3 


Proble*  5 A -5  Design  of  Open-Web  Steel  Joists 

Analysis  or  design  of  an  open-web  joist  subjected  to  a  pressure- time 
loading. 

Establish  design  parameters. 

a.  Pressure- time  curve 

b.  Clear  span  length  and  Joist  spacing 
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Step  2. 


Step  3, 


Step  U. 


Step  5. 


Step  6, 


q.  Minimum  yield  stress  f  for  chord  and  web  members 

Dynamic  increase  factor,  c.  (table  5-2) 

d.  Design  ductility  ratio  u  and  maximum  end  rotation,  9. 

e.  Determine  whether  Joist  design  is  controlled  by  maximum  end 

reaction. 

Select  a  preliminary  Joist  size  as  follows: 

a.  Assume  a  dynamic  load  factor  (Section  5-22.3) 

b.  Compute  equivalent  static  load  on  Joist  due  to  blast  over¬ 

pressure 

w^  -  DLF  x  p  x  b 

(Dead  load  of  Joist  and  decking  not  Included) 

c.  Equivalent  service  live  load  on  Joist 

w2  -  Wj/1.7  x  a  x  c  (Section  5-33) 

d.  From  "Standard  Load  Tables"  adopted  by  the  Steel  Joist  Insti¬ 
tute,  select  a  Joist  for  the  given  span  and  the  structural 
steel  being  used,  with  a  safe  service  load  (dead  load  of  Joist 
and  decking  excluded)  equal  to  or  greater  than  w^. 

Check  whether  ultimate  capacity  of  Joist  is  controlled  by 
flexure  or  by  shear. 


Find  the  resistance  of  the  Joist  by  multiplying  the  safe  service 
load  by  1.7  x  a  x  c  (Section  5-33). 

Calculate  the  stiffness  of  the  Joist,  Kg,  using  table  3-8. 

Determine  the  equivalent  elastic  deflection  Xg  given  by, 


Determine  the  effective  mass  using  the  weight  of  the  Joist  with  its 
tributary  area  of  decking,  and  the  corresponding  load-mass  factor 
given  in  table  3*12. 


Calculate  the  natural  period  of  vibration,  T^. 

Follow  proceuure  outlined  In  6a  or  6b  depending  on  whether  the  Joist 
capacity  is  controlled  by  flexure  or  by  shear. 
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Step  6a.  Joist  design  controlled  by  flexure. 

a.  Find  ductility  ratio  p  -  *n/XE  frora  t,he  re?Pon5e  charts  in 
Volune  III,  u?l,ig  the  value?  of  T/TN  aud  P/ru. 

b.  Check  if  the  ductility  ratio  and  maximum  end  rotation  meet  the 
criteria  requirement?  outlined  in  Section  5-35. 

If  the  above  requirement?  are  not  satisfied,  ?elect  another 
dynamic  load  factor  and  repeat  Step?  2  to  5. 

c.  Check  the  selection  of  the  dynamic  increa?e  factor  u?ed  in  Step 
2c.  Using  the  re?pon?e  chart?,  find  tg  to  determine  the  ?train 

rate,  i  in  equation  5-1  •  Using  figure  5-2,  determine  DIF.  (If 

elastic  response,  u?e  T/T^  and  appropriate  re?pon?e  chart?  to 
check  DIF). 

d.  Check  if  the  top  chord  meet?  the  requirement?  for  a  bean-column 
(Section  5-37.3). 

Step  6b.  Joi?t  de?ign  controlled  by  ?hear. 

a.  Find  ductility  ratio  p  -  *n/*E  ^roa  the  re?pon?e  chart?  in 
Volume  III,  using  the  value?  of  T/T^  and  P/ry. 

b.  If  p  <  1.0,  de?ign  i?  O.K. 

If  p  >  1.0,  assume  a  higher  dynamic  load  factor  and  repeat 
Step?  2  to  5.  Continue  until  p  <  1.0.  Check  end  rotation,  e, 
agaln?t  de?lgn  criteria. 

c.  Check  the  ?election  of  the  dynamic  increa?e  factor  u?ed  in  Step 

2c,  u?ing  the  value  of  T/TN  and  the  appropriate  el  a?  tic 

re?pon?e  chart  in  Section  3-19.3* 

d.  Since  the  capacity  i?  controlled  by  maximum  end  reaction,  it 
will  generally  not  be  nece??ary  to  check  the  top  chord  a?  a 
beam-column.  However,  when  ?uch  a  check  is  warranted,  the 
procedure  In  Step  6a  can  be  followed. 

Step  7.  Check  the  bottom  chord  for  rebornd. 

a.  Determine  the  required  resistance,  r,  for  elastic  behavior  in 
rebound. 

b.  Compute  the  bending  moment,  M,  and  find  the  axial  force?  In  top 

a. id  bottom  cnord?  using  P  -  M/d  where  d  i?  taken  a?  the 

distance  between  the  centroid?  of  the  top  and  bottom  chord 
section? . 

c.  Determine  the  ultimate  axial  load  capacity  of  the  uottom  chord 
considering  the  actual  slenderness  ratio  of  it?  elements. 
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Pu  -  1.7AFa 


Required: 

Solution: 
Step  1. 


where  Fa  is  defined  in  Section  5-37.3* 

The  value  of  Fa  can  be  obtained  by  using  either  equation  5-<<3 

or  the  tables  in  the  AISC  Specif ication  which  give  allowable 
stresses  for  compression  members.  When  using  these  tables,  the 
yield  stress  should  be  taken  equal  to  f ^ . 

d.  Check  if  Py  >  P. 

Determine  bracing  requl rements , 

Example  5A-5  (a)  Design  of  an  Open-Web  Steel  Joist 

Design  a  simply-supported  open-web  steel  Joist  whose  capacity  Is 
controlled  by  flexure. 


Required: 

Solution: 
Step  1. 


a.  Pressure-time  loading 


[figure  5A-5  (a)] 


b.  Clear  span 


50' -0" 
7*-0 " 
psf 


Spacing  of  Joists 
Weight  of  decking 


c 


Structural  steel  properties 


Web 


Chords 


fy  -  50,000  psl 
fy  -  36,000  psi 


Dynamic  increase  factor  (chords  only) 


c  «  1.19 


(table  5-2,  for  A588) 


Dynamic  design  stress,  -  c  x  a  x  fy 


(eq.  5-2) 


Chords 


fto  -  1.19  x  1.1  x  5°, OOO  -  65. <*50  psl 


d.  Design  criteria 


(Section  5-35) 


Maximum  ductility  ratio: 
Maximum  end  rotation: 
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PRESSURE 


Selection  of  Joist  size 

a.  Assume  a  dynamic  load  factor.  For  preliminary  design*  a  OLF  - 
1.0  is  generally  recommended.  However,  since  the  span  is  quite 
lcng  in  this  cane,  a  DLF  of  0.62  is  selected. 

b.  Equivalent  static  load  on  Joist: 

w1  -  0.62  x  2.0  x  x  7.0  -  1*250  lb/ft 

c.  Service  live  load  on  Joist: 

w2  •  Wj/1.7  x  1.19  x  1.1  -  1,250/2.23  •  561  lb/ft 

d.  Using  the  "Standard  Specifications,  Load  Tables  and  Weight 
Tables"  of  the  Steel  Joist  Institute,  for  a  span  of  SO'-O",  try 
32LH11.  Joist  tables  show  that  capacity  is  controlled  by 
flexure. 

Total  load-carrying  capacity  (including  dead  load  -  602  lb/ft). 
Approximate  weight  of  Joist  and  decking 
•  28  ♦  (H  x  7)  -  56  lb/ft 


Figure  5A-5  (a)  Joist  cross-section  and  loading,  Example  5A-5U) 


( 


Total  load-carrying  capacity  (excluding  dead  load  -  602  -  56  - 
5*16  lb/ft) 

The  following  section  properties  refer  to  the  selected  Joist 
32LH11  [fig.  5A-5  («)]: 

Top  Chords 

Two  3  x  3  x  5/16  angles 
A  -  3.56  in2 
rx  -  0.92  in. 
ry  -  1 .5*1  In. 

Ix  -  3.02  In* 

Bottom  Chord: 

Two  3  x  2-1/2  x  1/4  angles 
A  -  2.62  in2 
rx  -  0.945  In. 
ry  -  1.28  in. 

Ix  -  2.35  In* 

Ixx  for  Joist  -  1,383.0  In* 

Panel  length  -  51  inches 


Step  3.  Resistance  per  unit  length 


ru  -  1.7  x  1.19  x  1.1  x  546  -  1215  lb/ft 


(Section  5-33) 


Step  4 


K_  -  384  EI/5L3 

L 


384  x  29  x  106  x  1 ,383 

5(12  x  50) 3 


14,260  lb/ In 


(table  3-8) 


4.26  inches 


Step  5.  Total  mass  of  Joist  plus  decking 


56  x  50  x  10 


6 


7.25  x  106  lb-ms2/ln 


33? 


Total  effective  mass  Me  “  KLMM 


K,m  -  0.5(0.78  *  0.66)  -  0.72 


(table  3-12) 
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Natural  period  Tu  -  2x(M  /K_) 
N  e  b 


1/2 


2*(5,220, 000/M,  260) 


1/2 


120.2  ms 


Behavior  controlled  by  flexure.  Use  Step  6a. 


Step  6a 


a 


T/Tu  -  40/120.2  -  0.332 
N 


2^0  x  1 44  x  7 
'f,  105 


1.82 


?/r 


u 


From  figure  3“64a, 


>j  -  X  /X  -  2.3  <  4  O.K . 
m  £ 


X  -  2.3  x  3.87  -  8.9  inches 

ni 

tan  9  -  X  / (L/2)  -  8. 9/(25  x  12)  -  0.0297 
n 

9  -  1.7°  <  2#  O.K. 

c.  Check  selection  of  DIF. 

From  Table  3"64a,  for  p  -  2.3  and  T/TN  -  0.33 

tg/T  -  0.55.  t£  -  0.55  x  40  -  22  ms 

Find  c 


e  -  f  .  /E  t_  -  65.45/30  x  103  x  .022  -  0.099  ln/ln/sec 
as  s  E 

(eq.  5-1) 
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From  figure  5-2  (average  of  A36  and  A51  *0 


DIF  -  1.18  -  1.19  asuraed  O.K 


d.  Check  top  chord  as  a  beam  column 


Maximum  moment  at  mid-.* pan 


1 M  in-ki  ps 


Maximum  axial  load  in  chords 
P  -  M/d 

d  -  distance  between  centroids  of  top  and 
bottom  chords  [see  figure  5A-5  (a)] 

-  30.22  Inches 

P  -  *1,1 *1*1/30.22  -  137.1  kips 

l  -  panel  length  -  51  inches 

Slenderness  ratio,  1/r  -  51/0.92  -  55- ^  <  C 

X  c 

where  C  -  (2vh/fM)U2  -  95  (eq.  5-«l ) 

C  uS 


50  ksi  (table  3~50. 

AISC  Specification) 


F  -  23.5  k?l  for  f 
a  jr 


1.31  (23.5)  -  30.8  ksl  for  -  65,450  pM 

P,  -  1.7AF  -  1.7  x  3.56  x  30.8  -  186.4  klpr 

u  a 

(eq.  5-^2) 

Considering  the  first  panel  as  a  fixed,  simply-supported  beam, 
the  maximum  moment  in  the  panel  is: 


The  effective  slenderness  ratio  of  the  top  chord  in  the  first 
panel: 
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H8.7  ksl 


<tb/rx  -  (1.0  x  50/0.92  -  55.  4 
pi  .  12* 2E  _  1  2tt2  x  29,000 


23(K1b/rx)2  23  (55-1|)2 


-  ( 23/1 2) AF'  -  23/12  x  3.56  x  *18.7  -  333  kip? 

uX  uX 

:i  -  p/pax)  -  (1.0  -  126.6/333)  -  0. 62 

To  determine  M^,  the  plastic  moment  Mp  is  needed  and  the  value 
of  Zx  has  to  be  computed. 

The  neutral  axis  for  a  fully  plastic  section  is  located  at  a 
distance  x  from  the  flange. 

3*  -  (3  -  5/16)  5/16  ♦  3  (5/16  -  x) 

-  (43)  5/(16  x  16)  ♦  15/16  -  3x 

x  -  455/(6  x  256)  -  0.296  inch 

The  plastic  section  modulus,  Zx,  is  found  to  be: 


2 

Zx  -  2[(0-296)  x  3  ♦  (3.0  -  0.3125) 


(0.3125  -  0.296)2 
2 


x  0.3125]  -  0.263  ♦  0.0007  ♦  2.285  -  2.5*19  in3 


M3x  ’  fd5Zx  "  65*45  x  2* 5*19  -  166.8  in-kips 


(eq.  5-8) 


1/2 


(eq.  5-37) 


whore  ry  is  least  radius  of  gyration  -  0.92 


[l.07  -  ( 55.  K/391 )  ]  166.8  -  15*1.8  in-kips 
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(Section  1.6.1,  AISC) 


C  -  0.85 


P/Pu  ♦  CbM/[(1  -  P/Pex)Mj  ^  1.10 


(eq.  5-fc*0 


0-736  ♦  0- 176  -  0.912  <  1.0  O.K 


Step  7 


Check  bottom  chord  for  rebound 


a.  Calculate  required  resistance  in  rebound. 

T/Tn  -  0.33 

From  figure  5-13*  100J  rebound 

r/r  -  K0 
u 

r  -  r  -  1,105  lb/ft 

b*  Moment  and  axial  forces  in  rebound 
M  -  (r  x  L2)/8  -  H.1W  ln-klps 
Maximum  axial  force  in  bottom  chord 
P  -  M/d  -  137.1  kips  (compression) 
c.  Ultimate  axial  load  capacity 

Stability  in  vertical  direction  (about  x-axis) 
t  -  51  inches  r  -  0.9*15 

l/r  -  51/0. 9**5  -  5*1.0  <  C 

c 

where  C  -  f(2T2E)/r,  ]1/2  -  95 
c  as 


(table  3-50, 
AISC  Specification) 


F  -  23.72  ksi  for  f  -  50  ksi 
a  y 


1.3K23.72)  -  31.1  ksi  for  f  -  65. 450  pM 

P  -  1.7AF  -  1.7  x  2.62  x  31.1  •  138.5  kips 

u  a 

d.  Check  bracing  requirements . 
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P  -  137.1  <  Pu  -  138-5  O.K. 

Adding  a  vertical  member  between  panel  joint?  of  bottom  chord 
would  have  been  required  had  P  >  Pu-  This  additional  bracing 

would  have  been  needed  in  mid-span  but  may  be  spared  at  the 
Joist  ends. 

Stability  in  the  lateral  direction  (aoout  y-axis) 

Pu  -  137.1  kips 

ry  -  1.28  inches,  A  -  2.62  in2 

Fa  “  Pu/(1*7  x  K31A)  •  137.  1/(1.7  x  1.31  x  2.62)  -  23-5  ksi 
For  a  given  Fa  -  23.5,  the  corresponding  slenderness  ratio: 


l/r  -  55  (table  3-50, 

AISC  Specification) 

Therefore,  maxiaura  unbraced  length  in  mid-span: 
tb  *  55  x  1.28  -  70. U  Inches 

Use  lateral  bracing  at  panel  points,  i.e.,  51  inches  at  raid- 
*pan.  The  unbraced  length  may  be  increased  at  joist  ends,  but 
not  greater  than  specified  for  bridging  requirements  in  the 
Joist  specification. 

Exaaple  5A-5  (b)  Analysis  of  Existing  Open-Web  Steel  Joist 

Required:  Analyze  a  simply-supported ,  open-web  steel  joist  whose  capacity  is 

controlled  by  shear. 


Solution: 

Step  1.  Given: 

•a.  Pressure-time  loading  [figure  5A-5  (b)] 
Joist  22H11 

b.  Clear  span  -  32* -0" 

Spacing  of  Joists  -  6f-0M 
Weight  of  decking  -  U  psf 
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f 


Figure  5A-5  (b)  Joist  cross-section  and  loading,  Example  5A-5  C b ) 


c.  Properties  of  structural  steel: 

Chords  fy  -  50,000  psl 

Web  fy  -  36,000  psi 

Dynamic  Increase  factor 

(chords  only)  c  -  1.19  (table  5-2  for  A588) 

Dynamic  design  stress,  f ^  -  c  x  a  x  fy 

Chords  fd3  -  1.19  x  1.1  x  50,000  -  65,^50  psi 


d.  Design  criteria 

For  members  controlled  by  shear: 


u  -1.0 

Hmax 


max 


Step  2. 


a.  Assume  the  DLF  -  1 .25 

b.  Overpressire  load  on  Joist 


(Section  5*35) 
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w1  -  ! •  25  x  1.0  x  144  x  6  -  1,080  lb/ft  ^ 

c .  Equivalent  service  load 

w2  •  w  /1,7  x  a  x  c  -  1, 080/2,23  -  485  lb/ft 

d.  From  the  "Standard  Specification?  and  Load  Table?"  of  the  Steel 
Joi?t  Institute: 

Total  load-carrying  capacity  (including  dead  load)  -  506  lb/ft. 
/ 

Approximate  weight  of  joist  plus  decking  - 
17  ♦  (6  x  4)  -  41  lb/ft 

Total  load-carrying  capacity  (excluding  dead  load)  - 
506  -  41  -  465 

From  the  steel  Joist  catalog,  the  following  are  the  section 
properties  of  Joist  22H11  [figure  5A-5  (b)]: 

Panel  length  -  24  Inches 

Top  Chord: 

A  -  1.935  In2 
Ix  -  0.U55  in1* 
rx  -  0.485  in. 
ry  -  1.701  in. 

Bottom  Chord: 

A  -  1.575  in2 
Ix  -  0.388  In4 
rx  -  0.H97  in. 
ry  »  1.M69  in. 

Ixx  for  Joist  -  396.0  in4 
A— 3  *• 


Step  3.  Resistance  per  unit  length 


Step  4. 


ru  -  2.23  x  465  -  1,035  lb/ft 


384EI  384  x  29  x  10  x  396 


KE  •  3 

5Lr 


5  x  (12  x  32) 3 


-  15.580  lb/in  ( table  3-8) 


XE  ‘  ruL/KE  *  ^^TsTbIo"  *  2’13  lnche? 


Step  5.  Mass  of  Joiat  plus  decking 

M  -  —  -  -  3.4  x  106  lb-m92/ln 

Effective  mass  Me  -  K^vjM 


-  0.78  x  3-4  x  106  -  2.65  x  1 06  lb-ms2ln 


Step  6b, 


Natural  period  Tu  -  2*(M  /K  ) 
N  6  L 


1/2 


1/2 


-  2*(2, 650, 000/15,580)  -  81.8  ms 


Behavior  controlled  by  shear.  Use  Step  6b  of  the  procedure. 


T/Tn  -  25/81.8  -  0.30b 


6  x  144  x  1.0  „ 

P/ru - 17035 - °*835 


b.  From  fig.  3-64a: 

u  -  X  /X_  <  1.0;  elastic,  O.K. 

m  t 

tan  9  -  X  /  (L/2) 

ID 

-  2.13'(16.0  x  12)  -  0.0111 
S  -  0.64°  <  1»  C.K. 

c.  Check  selection  of  DIF  from  figure  3“49,  for  T/TN  -  0.305,  tQ/T 
-  1.12;  tffl  -  1.12  x  25  -  28  ms 
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K 


Find  c 


Step  7. 


i  -  f .  /E  t_  <t_  -  t  )  (eq.  5-1) 

os  s  E  E  m 


-  65.45/30  x  1CT  x  0.028  -  0.078  InMn/.-ec 

From  figure  5-2,  (average  of  A36  and  A51  4) 

DIF  -  1.18  -  1.19  assumed,  O.K. 

d.  Check  of  top  chord  as  a  beam-column  is  not  necessary, 

Check  bottom  chord  in  rebound, 
a.  For  v  -  1  and  iVT^  -  0.305,  rebound  is  1001 


(fig.  5-13) 


r  -  r 


b. 


Determine  axial  load  in  bottom  chord,  P  -  M/d 
For  an  elastic  response,  y  <  1.0,  where  T/TN  -  0.305, 


Ifig.  3-49) 


the  DLF  -  0.87 
Equivalent  static  load,  w 

w  -  DLF  x  b  x  p  -  0.87  x  12  x  12  x  6  x  1 .0  -  751  lb/ ft 
Maximum  moment  in  rebound,  M  -  wL*/8 


Allowable 


P 


-  1.7  xaxcxAxF 

3 


-  1.7  x  1  .1  x  1.19  x  1.575  x  2*4.6  -  86.2  kips  >  5*4.3  kips 


(table  3-50, 
AISC  Specification) 


No  extra  bracing  required. 

(2)  Lateral  bracing  of  bottom  chord: 

P  -  5*. 3  kips,  A  -  1.575  in2 

F  -  P/1.7A  -  5H.  3/(1. 7  x  1.575  x  1.1  x  1.19)  -  15.5  ksl 
For  fy  -  50  k si  and  Fa  -  15.5  ksi 


l/r  -  96 


l  -  96  x  1.*469  -  1  *41  Inches 


(table  3-50 
AISC  Specification) 


Therefore,  use  lateral  bracing  at  every  5th  panel  point 
close  to  mid-span.  The  unbraced  length  may  be  increased 
at  Joist  ends,  but  not  greater  than  specified  for  bridging 
requirements  in  the  Joist  specif lcation. 


Problem  5A-6  Design  of  Single-Story  Rigid  Frames  for 
Pres  sire- Time  Loading 


Problem:  Design  a  single-story ,  multi-bay  rigid  frame  subjected  to  a 

pressure-time  loading. 


Proceduro: 

Step  1.  Establish  the  ratio  a  between  the  design  values  of  the  horizontal 

and  vertical  blast  lot-... 

Step  2.  Using  the  recommended  dynamic  load  factors  presented  in  Section 

5-*41.3  establish  the  magnitude  of  the  equivalent  static  load  w  for: 
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Step  3. 


Step  U. 


Step  5. 


Step  6. 


Step  7. 


Step  8. 


a.  local  mechanism**  of  the  roof  nnd  blastward  column,  and 

b.  panel  or  combined  mechanism?  for  the  frame  a*  a  whole. 

Usi ng  the  general  expression?  for  the  possible  collapse  mechanisms 
from  table  5-13  and  the  loads  from  Step  2,  assume  values  of  the 
moment  capacity  ratios  C  and  Cj  and  proceed  to  establish  the  re¬ 
quired  design  plastic  moment  Mp  considering  all  possible  mechan¬ 
isms.  In  order  to  obtain  a  reasonably  economical  design,  It  ts 
desirable  to  select  C  and  so  that  the  least  resistance  (or  the 

required  value  of  Mp)  corresponds  to  a  combined  mechanism.  This 
will  normally  require  several  trials  with  assumed  values  of  C  and 


Calculate  the  axial  loads  and  shears  in  all  members  using  the 
approximate  method  of  Section  S-1*!.1*. 

Design  each  member  as  a  beam-column  using  the  ultimate  strength 
design  criteria  of  Sections  5-37.3.  38  and  39.  A  numerical 
example  is  presented  in  Section  5A-H. 

Using  the  moments  of  inertia  from  Step  5,  calculate  the  sidesway 
natural  period  using  table  5-1^  and  Equations  5-50  and  5-51 . 
Enter  the  response  charts  in  Volume  III  with  the  ratios  of  T/T^ 

and  P/Ru.  In  this  case,  P/Ru  is  the  reciprocal  of  the  panel  or 
sidesway  mechanism  dynamic  load  factor  used  in  the  trial  design. 
Multiply  the  ductility  ratio  by  the  elastic  deflection  given  by 
equation  5-53  and  establish  the  peak  deflection  Xffl  from  equation 

5-54.  Compare  the  maximum  sidesway  deflection  Xm  with  the 

criteria  of  Section  5-35.  Note  that  the  sidesway  deflection  6  in 
table  5-8  is  Xm. 

Repeat  the  procedure  of  Step  6  for  the  local  mechanisms  of  the 
roof  and  blastward  column.  The  stiffness  and  natural  period  may 
be  obtained  from  table  3*0  and  equation  5-15.  respectively.  The 
resistance  of  the  roof  girder  and  the  blastward  column  may  be 
obtained  from  table  5-13  using  the  value?  of  Mp  and  CMp  determined 

in  Step  3.  Compare  the  ductility  ratio  and  rotation  with  the 
criteria  of  Section  5-35. 

a.  If  the  deflection  criteria  for  both  sidesway  and  beam  mech¬ 
anisms  are  satisfied,  then  the  member  sizes  from  Step  5  con¬ 
stitute  the  results  of  this  preliminary  design.  These  mem¬ 
bers  would  then  be  used  in  a  more  rigorous  dynamic  frame 
analysis.  Several  computer  programs  are  available  through 
the  repositories  listed  in  Section  5-^. 
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1 - 

• 

b. 

If  the  deflection  criterion  for  a  sidesway  mechanism  is  ex¬ 
ceeded,  then  the  resistance  of  all  or  most  of  the  members 

# 

should  be  Increased. 

c. 

If  the  deflection  criterion  for  a  beam  mechanism  of  the  front 

• 

wall  or  roof  girder  is  exceeded,  then  the  resistance  of  the 
member  in  question  should  be  Increased.  The  member  sizes  to 
be  used  in  a  final  analysis  should  be  the  greater  of  those 

• 

determined  from  Steps  8b  and  8c. 

Exam 

pie  5A-6  Design  of  a  Rigid  Frame  for  Pressure-Tlae  Loading 

Required: 

Design  a  four-bay,  single-story ,  reusable,  pinned-base  rigid  frame 
subjected  to  a  pressure-time  loading  in  its  plane. 

Given: 

a. 

Pressure-time  loading  (Figure  5A-6) 

b. 

Design  criteria:  It  is  required  to  design  the  frame 
structure  for  more  than  one  Incident.  The  deformation  limits 

• 

shall  be  half  that  permitted  for  personnel  protection,  that 
is: 

<5  -  H/50  and 

• 

0  -  1°  for  individual  members 

max 

c. 

Structural  conf iguration  (figure  5A-6) 

d. 

A36  steel 

e. 

Roof  purlins  spanning  perpendicular  to  frame  (by  -  bn,  fig. 

5-26) 

f . 

Frame  spacing,  b  -  17  ft 

g. 

Uniform  dead  load  of  deck,  excluding  frame 

Step  1. 

Determine  a:  (Section  5-M 1 . 1 ) 

- 

bh 

•  b  ■  1 7  ft 

V 

m 

% 

-  5.8  x  17  x  12  -  *  ,183  IDs/in 

- 

-  2.5  x  17  x  12  -  510  lbs/in 

m 

a 

-  vqv  • 2-32 

• 

1 
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BLASTWARD  EXTERIOR  ROOF  (  Averog*  ) 

WALL 


3 


Figure  5A-6  Preliminary  design  of  four-bay,  single-story  rigid  frame, 
Example  5A-6 
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r 


T 


D 


Step  2. 


Step  3. 


Establish  equivalent  static  loads 
a.  Local  beam  mechanism,  w  -  DLF  x  qy 

1.25  x  510  x  12  _  ,f 

w  ’  — iTooo - 7,65  k/ft 

be  Panel  or  combined  mechanism,  w  -  DLF  x  qh 
0.625  x  510  x  12 


(Section  5-41. 3) 


1,000 


-  3-83  k/ft 


The  required  plastic  moment  capacities  for  the  frame  members  are 
determined  from  table  5-13  based  upon  rational  assumptions  for  the 
moment  capacity  ratios  C1  and  C.  In  general ,  the  recommended 

starting  values  are  equal  to  2  and  C  greater  than  2. 

From  table  5-13,  for  n  -  4,  a  -  2.32,  H  -  15-167  ft,  L  -  1 6 . 5  ft 
and  pinned  bases,  values  of  Cj  and  C  were  substituted  and  after  a 

few  trials,  the  following  solution  is  obtained: 


M  -  130  kip-ft,  C,  -  2.0  and  C  -  3-5- 
P  1 


The  various  collapse  mechanisms  and  the  associated  values  of  Mj. 
are  listed  below: 


Collapse 

w 

MP 

Mechanism 

(k/ft) 

(k-ft 

i 

7.65 

130 

2 

7.65 

128 

3a,  3b 

3.83 

128 

4 

3.83 

129 

5a.  5b 

3.83 

110 

6 

3.83 

116 

The  plastic  design  moments  for  the  frame  members  are  established 
as  follows: 

Girder,  Mp  -  1 30  k-ft 


Interior  column,  C]Mp  “  ^60  k-ft 


Exterior  column,  CMp  -  455  k-ft 
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Step  4.  a.  Axial  loads  and  shears  due  to  horizontal  blast  pressure, 
w  -  3.83  k/ft 

From  figure  5-27.  R  -  awH  -  2. 32  x  3.33  x  15.  167  -  135  kip? 

1 .  Member  1 ,  axial  load 

P1  -  R/2  -  67  kips 

2.  Member  2,  shear  force 

V2  -  R/2(U)  -  135/8  -16.8  kips 

3.  Member  3,  shear  force 

V3  -  R/2  -  67  kips 

b.  Axial  loads  and  shear?  due  to  vertical  blast  pressure, 
w  -  7.65  k/ft 

1.  Member  1,  shear  force 

V1  -  w  x  L/2  -  7.65  x  16.5/2  -  63-1  kips 

2.  Member  2,  axial  load 

-  w  x  L  -  7.65  x  16.5  -  126.2  kips 

3.  Member  3,  axial  load 

P3  -  w  x  L/2  -  63. 1  kips 

Note;* 

The  dead  loads  are  small  compared  to  the  blast  loads  and 
are  neglected  in  this  step. 

Step  5.  The  members  are  designed  using  the  criteria  of  Sections  5-37.3, 
5*38  and  5-39  with  the  following  results; 


mp 

? 

V 

Member 

(k-rt) 

(k) 

(k) 

U?e 

(in'* 

1 

130 

67.0 

63. 1 

wl 2x35 

285 

2 

260 

126.2 

16.8 

uiUx6l 

6H0 

3 

«55 

63.1 

67.0 

wl  'ix?1* 

796 
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Step  6.  Determine  the  frame  stiffness  and  sway  deflection. 


Xca  ' 

,  (3  x  6.0)  .  (2  x  796)  .  702  „»  („Me5-,«) 

V 

-  285  In” 

B  ■ 

•  0 

D  - 

■  io.7iMwf&.T<T;  -  °-“99  (TaM'  5-'*> 

v  a 

C2  * 

•  0.65 

K  - 

El  C 

°a  2  [l  ♦  (0.7  -  0.18)  (n-1 ) ]  (Table  5-10) 

HJ 

(30)  ( 103)  (702)  (0.65)  fl  ♦  0. 7(3)1  ~  |£.Jn 

(15.167  x  1 2)3 

kl  - 

0.55  (1  -  0.258)  -  0.55  (eq.  5~51 ) 

Calculate  dead  weight,  W: 


w 

-  bfOLv^)  ♦  (1/3)  (Hwdw)]  -  (36  X  66) 

♦  1/3  (15.167)  [(2  x  61)  *  (3  x  78)]  -  20,7*10  lb? 

m 

e 

2  6  2 

-  W/g  -  20,700/32.2  -  60*1  lb-sec  /ft  -  600  x  10  lb-n?  /ft 

tn 

-  2w(n>  /KK,  j  1/2  (eq.  5"50) 

e  l 

-  2*[ ( 600  x  106)/(50.2  x  12  x  103  x  0.55) ] 1 /2  -  277  ns 

t/tN  ' 

.  78/277  -  0.282 
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1.6 


Step  7. 


P/Ru  - 


V  -  VXr  * 

tn  L 


(fig.  3~61)a ) 


X  -  R  /K  -  awH/K  -  ~32  x  3’83  -  15‘-167  -  2.68  Inches 
E  U  L  E  t)U .  c 

(eq.  5-52  and  5-53) 


X  ■  {  -  UO  x  2.68  -  3.75  Inches 
is 


5  -  3-75/(15.167)  ( 1 2)H  -  0.0206H  -  H/48.5 


(eq.  5-5") 


Check  deflection  of  possible  local  mechanisms. 

a.  Roof  girder  mechanism  (investigate  W12  x  35  from  Step  5) 


TN  "  2ir  ^me/KE* 


°e  ■  KLM  X  ” 


1/2 


(eq.  5-15) 


For  an  el as to- pi as tl c  response,  take  the  average  load-mass  factor 
for  the  plastic  and  elastic  response,  or: 


’  {0-77  “  0.66J/2  -  0.715 


(table  3-12) 


o  -  0,715  x  W/g 


w  -  (13.5  x  17)  ♦  36  -  265  lo/ft 

W  -  w  x  L  -  265  X  16.5  -  <4372  lb. 

-  0.715  x  D372/368  -  8.1  lb^sec  /In. 

K£  -  307  EI/L3  (table  3-3) 

K.  .  J»LU2Ul«iM285)  .  332i000  (/1„. 


(16.5  x  1 2) 3 


.*.  T  -  2*  (8. 1/332, 000) 1/2  x  1,000 
fi 

-  31 .0  m? 


A-U*J 


T/Tu  -  78/31.0  -  2.52 
N 

Hu  -  l6Hp/L  -  (16  x  1 30) / 16.5  -  126  kip? 

P  -  pbL  -  (2.5)  (17)  OH1*)  ( 1 6.5)/1 ,000  • 

P/R  -  101/126  -  0.80 
u 

u  -  X  /X  -  1.80 
*  m  E 

Check  end  rotation  of  girder. 

XE  "  Ru/KE-  126/332  "  0,380  inch 
X  -  1.80  x  0.380  -  0.69  Inch 

D 

X  / (L/2)  -  0.69/(8.25)  (1i>  -  0.069  -  tan  8, 

D 

8  -  0. 40*  <  1#  0.K . 


b.  Exterior  column  mechanism  (Investigate  W1  <1  x 


T»  -  21  <Vke,,/2 


m 

e 


KLM  x  m  -  (  °’78  !  °-66)  — 

*  s 

0,72  w/g 


w  -  ( l 6.5  x  17)  ♦  7^  -  35H  lb/ft 
W  -  35*1  x  15.  167  -  5369  lb 


m  -  0.72  (5369)/386  -  10.0  lb-?ec2/ln. 

6 

K  -  160  EI/L* 
c# 

.  060)  (30)  (10)  (796)  .  632>000  lb/ln 
t  ( 1 82) J 


(table  5-13) 
101  kips 

(fig.  3-6*ia ) 


7 *1  from  Step  5). 

(eq.  5-15) 
(table  3-12) 

(table  3-8) 
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Step  8. 
Summary: 


Problem: 


•] 

1/2 

Tu  -  2*00.0/632,000)  x  1000  -  25.0  o* 

N 


T/Tu  -  78/25.0  -  3.12 
ri 

R  .  .  111?01  '?  -  275  Up. 


H 


(table  5-13) 


P  -  (2.32)  (jt||)  05.167)  -  215  kips 


P/Ru  -  215/275  -  0.78 


M  -  X  /X_  -  1.80 
m  t 


(fig.  3~64a) 


Check  end  rotation  of  columns. 


.  & 


X 

X 


E 


m 

X  /(L/2) 

m 

8 


Ru/K  -  275/632  -  0.435  Inch 
1.80  x  O.1135  -  0.78  inch 
0.78/(7.58)  (12)  -  0.0086  -  tar.  9 
0.H9°  <  1°  0.K . 


The  deflections  of  the  local  mechanisms  are  within  the  criteria. 
The  sldesway  deflection  is  acceptable. 

The  member  sizes  to  be  used  In  a  computer  analysis  are  as  follows: 
Member  Size 

1  W12  x  35 

2  W14  x  61 

3  W14  x  74 

Problem  5A-7  Design  of  Doors  for  Pressure-Time  Loading 

Design  a  steel-plate  blast  door  subjected  to  a  pressure-time  load¬ 
ing. 


u 


Procedure: 


Step  1. 

Establish  the  design  parameters 

a.  Pressure-tine  load 

b.  Design  criteria:  Establish  support  rotation,  6max,  and 

whether  seals  and  rebound  mechanisms  are  required. 

c.  Structural  configuration  of  the  door  including  geometry  and 
support  conditions 

d.  Properties  of  steel  used: 

Minimum  yield  strength,  fy,  for  door  components  (table  5-1) 

Dynamic  increase  factor,  c  (table  5-2) 

Step  2. 

Select  the  thickness  of  the  plate. 

Step  3. 

Calculate  the  elastic  section  modulus,  S,  and  the  plastic  section 
modulus,  Z,  of  the  plate. 

Step  4. 

Calculate  the  design  plastic  moment,  M0,  of  the  plate  (equation  5- 
7). 

Step  5. 

Compute  the  ultimate  dynamic  shear,  Vp  (equation  5-16). 

Step  6. 

Calculate  maximum  support  shear,  V,  using  a  dynamic  load  factor  of 

1.25  and  determine  V/V p. 

If  V/Vp  is  less  than  0.67,  use  the  plastic  destgn  moment  as  com¬ 
puted  in  Step  M  (Section  5—31 ) - 

Step  7. 

If  V/Vp  is  greater  than  0.67,  use  Equation  5-23  to  calculate  the 
effective  Mp. 

Calculate  the  ultimate  unit  resistance  of  the  section  (table  3-1), 
using  the  equivalent  plastic  moment  as  obtained  in  Step  and  a 
dynamic  load  factor  of  1.25. 

Step  8. 

Determine  the  moment  of  inertia  of  the  plate  section. 

Step  9. 

Compute  the  equivalent  elastic  unit  stiffness.  Kg,  of  the  plate 
section  (table  3*8)* 

Step  10. 

Calculate  the  equivalent  elastic  deflection,  Xg,  of  the  plate  as 
given  by  Xg  -  ry/Kg. 

Step  1 1 . 

Determine  the  load-mass  factor  and  compute  the  effective  unit 

mass,  mA. 

**>*o«B 
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Step  12. 

Compute  the  natural  period  of  vibration,  T^. 

Step  13. 

Determine  the  door  plcte  response  using  the  values  of  P/ry  and 
T/Tn  and  the  response  charts  of  Volume  III.  Determine  X^/Xg  and 

te# 

Step  1*1. 

Determine  the  support  rotation, 

Tan  0  *  (  L/2 

Compare  0  with  the  design  criteria  of  step  1b. 

Step  15- 

Determine  the  strain  rate,  d,  using  equation  5-1.  Determine  the 
dynamic  increase  factor  using  figure  5-2  and  compare  with  the  DIF 
selected  in  Step  Id. 

If  the  criteria  of  Step  1  Is  not  satisfied,  repeat  Steps  2  to  15 
with  a  new  plate  thickness. 

Step  16- 

Design  supporting  flexural  element  considering  composite  action 
with  the  plate  (if  so  constructed ) . 

Step  17- 

Calculate  elastic  and  plastic  section  moduli  of  the  combined  sec¬ 
tion. 

Step  18. 

Follow  tne  design  procedure  for  a  flexural  element  as  described  in 
Section  5A-1. 

Exa 

■pie  5A-7  (a)  Design  of  a  Blast  Door  for  Pressure-Time  Loading 

Required: 

Design  a  double-leaf,  built-up  door  (6*-0"  x  8*-0")  for  the  given 
pressure-time  loading. 

Step  1 • 

Givens 

a.  Pressure-time  loading  (fig.  5A-7) 

b.  Design  criteria:  This  door  is  to  protect  personnel  from 

exterior  loading.  Leakage  into  the  structure  is  permitted 
but  the  maximum  end  rotation  of  any  member  Is  limited  to  2° 
since  panic  hardware  must  be  operable  after  an  accidental 
explosion. 

c.  Structural  conf igurat ion  (fig.  5A-7) 

NOTE: 

This  type  of  door  conf iguration  is  suitable  for  low-pressure 
range  applications. 

d.  Steel  used:  A36 
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SECTION 

DOUBLE  LEAF  BLAST  DOOR 


DOOR  HEIGHT*  B*  *  0" 


DETAIL 


Figure  5A-7  (a)  Door  configuration  and  loading.  Example  5A~7(a) 


Yield  strength,  fy  •  36  ksi  (table  5-1) 

Dynamic  increase  factor,  c  -  1.29  (table  5**2) 

Average  yield  strength  increase  factor,  a  —  1*1  (Section  5- 

12.1) 

Hence,  the  dynamic  design  stress, 

tM  -  1.1  x  1.29  x  36  -  51.1  ksi  (eq.  5-2) 

as 

and  the  dynamic  yield  stress  in  shear, 

tA  -  0.55  f.  -  0.55  x  51.1  •  28.1  ksi  (eq.  5-*0 

dv  ds 

Step  2.  Assume  a  plate  thickness  of  5/8  inch. 

Step  3.  Determine  the  elastic  and  plastic  section  moduli  (per  unit  width). 
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„  bd2  1  x  (5/8)2  f  _  ,„-2  , _3/, _ 
S  ■  1  ^  1  «  ■■  ■  £  ■  bo>  5  x  10  in  /in 


Z  -  -  —  *5/-8-  -  9.765  X  10-2  in3/in 


Step  *1.  Calculate  the  design  plastic  moment,  Mc 


Step  5. 


Step  6, 


M  -  t.  (S  ♦  Z)/2  -  51.1  [(6.515  x  1<f2) 

p  a? 


(eq.  5-7) 


♦  (9.765  x  1 0**2) ]/2  -  51.1  x  8 . 1 U  x  10-2  -  H.16  ln-k/in 


Calculate  the  dynamic  ultimate  shear  capacity,  V  ,  for  a  1-inch 
width. 


V  »  f  .  A  -  28.1  x  1  x  5/8  -  17.56  kips/in 
p  dv  w 


(eq.  5-16) 


Evaluate  the  support  ?hear  and  check  the  plate  capacity.  Assume 
DLF  -  1.25 

V  -  DLF  x  P  x  L/2  -  1<2S  x  ^8  x  36  x  1  _  333  lb9/ln  .  0#333  klp/ln 


V/V  -  0.333/13.61  -  0.02U5  <  0.67 
P 


(Section  5-3D 


Step  7. 


No  reduction  in  equivalent  plastic  moment  is  necessary. 

NOTE: 

When  actual  DLF  is  determined,  reconsider  Step  6. 

Calculate  the  ultimate  unit  resistance,  ru,  (assuming  the  plate  to 
be  siuply-supported  at  both  ends). 


ru  .  8Mp/L‘  - 


2  8  x  A. 16  x  10* 


(36)‘ 


25.7  pel 


(taole  3-D 


Step  8.  Compute  the  moment  of  inertia,  I,  for  a  1-inch  width. 

_  bd3  .  x  (5/8) 3  „  .  A,, 

I  -  —  -  - -  — -  -  0.02?35  in  /in 
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*  »•  -  '■  .-Jg  I—.--..  -■  ...J 


mr  rv 


Step  9.  Calculate  the  equivalent  elastic  stiffness,  K£. 

Kr  -  JMEI/SbL*  -  2!JLJZJLJsL*.-°l°n  .  „ 
E  5  X  1  X  (36 V 


Step  10.  Determine  the  equivalent  elastic  deflection,  X„, 


X_  -  r/Kp  -  25.7/27.0  -  0.95  inch 

u  U  u 


Step  11.  Calculate  the  effective  mass  of  element. 

a.  (average  elastic  and  plastic) 

-  (0.78  ♦  0. 66)/2  -  0.72 

b.  Unit  mass  of  element,  m 


,  5/8  x  1  x  1  x  490  x  10  „ 

„  .  w/g  .  — m  ;■$—  - «58.0 


Step  12. 


c.  Effective  unit  of  mass  of  element,  me 

m  ■  Ktum  •  0.72  x  458.0 
e  Ln 

-  330  pM-ms2/ln 

Calculate  the  natural  period  of  vibration,  . 


Tn  -  2*  (330/27.0) 


1/2 


22  ms 


Step  13.  Determine  the  door  response. 
Peak  overpressure 
Peak  resistance 
Duration 

Natural  period  of  vibration 
P/ry  -  14. 8/25. 7  -  0.58 
T/Tn  -  13.0/22.0  -  0.59 
From  Figure  3~64a, 


P  -  14.8  psi 
ru  -  25.7  p?i 
T  -  13.0  mi* 


Tn  -  22  in? 


0  ?!>l/in 

(table  3-8) 


2 

pM-m?  /In 
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Since  the  response  is  elastic,  determine  the  DLF  from  Figure  3-^9. 


DLF  -  1 *3  for  T/TN  -  0.59 


Step  14.  Determine  the  support  rotation. 

1 .3  x  m.8  x  0.95 


X  - 

m 


25.7 


0.713  inch 


tan  e  -  X  / (L/2)  -  0.713/(36/2)  -  0.0396 
m 


e  -  2.27®  >  2C 


N.C. 


Step  15. 


Evaluate  the  ..election  of  the  dynamic  Increase  factor. 

Since  this  Is  an  elastic  response,  use  figure  3“49(b)  to  determine 
t_.  For  T/T„  -  0.59,  t_/T  -  0.7  and  t_  -  9.1  ms.  The  strain  rate 

Hi  N  ul  ul 

is: 


(eq.  5-1) 


Since  the  response  is  elastic, 

X 

f„.  -51.1  x  -  51.1  x  •  38.4  ksl 

as  X^  0.95 


and  tE  -  tm  -  0.0091  sec.  Hence, 

c  -  38.4/29.6  x  103  X  0.0091  -  .142  ln/ln/sec 

Using  figure  5-2,  DIF  -  1.31.  The  preliminary  selection  of  DIF  - 
1.29  is  acceptable. 

Since  the  rotation  criterion  is  not  satisfied,  change  the  thick¬ 
ness  of  the  plate  and  repeat  the  procedure.  Repeating  these  cal¬ 
culations,  it  can  be  shown  that  a  3/^“lnch  plate  satisfies  the  re¬ 
quirements. 

Step  16.  Design  of  the  supporting  flexural  element. 

Assume  an  angl_  x  3  x  1/2  and  attached  to  the  plate  as  shown  in 
Figure  5A-7(o). 

Determine  the  effective  width  of  plate  which  acts  in  conjunction 
with  the  angle 


(Section  5-24) 


bf/2tf  -  8.5 

where  b^/2  is  the  half  width  of  the  outstanding  flange  or  overhang 
and  tf  is  the  thickness  of  the  plate. 

With  tf  -  3/4  inch,  bf/2  -  8.5  x  3/4,  l.e.,  6.38  lnche? 

Use  overhang  of  6  inches. 

Hence,  the  effective  width  -6+2-8  inches. 

The  angle  together  with  plate  is  shown  in  Figure  5A-7(b). 


Step  17.  Calculate  the  elastic  and  plastic  section  moduli  of  the  combined 
section. 

Let  y  be  the  distance  of  c.g.  of  the  combined  section  from  the 
outside  edge  of  the  plate  as  shown  in  Figure  5A-7(b),  therefore 


y 


(8  x  3/**  x  3/8)  +  (M  +  3/1*  -  1 .33)  x  3.25 
(8  x  3/*0  ♦  3.25 


1 . ^5  inches 


Let  yp  be  the  distance  to  the  N.A.  of  the  combined  section  for 
full  plasticity. 

yp  ’  T*~l  f(8  x  3/4)  *  3'25^  *  0,578  inch 

I  -  8  x  *  8  x  3/4  x  (1.45  -  3/8)2 

♦  5.05  *  3-25  (4  ♦  3/4  -  1-33  -  1.445)2  -  24.881  in*1 
Hence,  Smln  -  24.881/(4.75  -  1.41(5)  ■  7.54  in3 
Z  -  8  (0.578)2  2  ♦  8  (0.75  -  0.578)2/2 


♦  3.25  (4.75  -  0*937  -  0.578)  -  11.97  in3 
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V  v  \  VI— B7 


Figure  5A-7  (b)  Detail  of  composite  angle/plate  supporting 
element,  Example  5A-7(a) 


Step  18.  Follow  the  design  procedure  for  the  composite  element  using  steps 
U  through  13.  Calculate  the  design  plastic  moment  Mp  of  the 
supporting  flexural  element. 

-  51.1  (7. 54  ♦  11.97)/2  -  ^98. 5  in-kips  (eq.  5-7) 


Calculate  the  ultimate  dynamic  shear  capacity,  Vp. 

V  -  f  A  -  28.1  (JJ.O  -  1/2)  1/2  -  119.2  kips  (eq.  5-16) 

p  dv  w 

Calculate  support  shear  and  check  shear  capacity. 

L  -  8'-0"  -  96  inches 


V  -  (1U.8  x  36/2  x  96)/2  -  12,790  ID?  -  12.79  kip?  <  V  O.K. 

P 

(Section  5-23) 


Calculate  the  ultimate  unit  resistance,  r  . 

Assuming  the  angle  to  simply  supported  at  both  ends: 


A~5^ 


.*1 


ru  "  8Vl2  ’  (8  x  *198,5  x  1»00°)/<96>2  -  <«33  lb?/ In 

(table  3-1) 


Calculate  the  unit  elastic  stiffness,  K£. 


K£  -  38*tEI/5Lli 


38H  x  29  x  106  x  2*1 .881 
5  x  (96)" 


652.5  lb?/ in2 

(table  3-8) 


Determine  the  equivalent  elastic  deflection,  X£. 

XE  *  ru/KE  *  **33/652. 5  -  0.663  Inch 

Calculate  the  effective  mass  of  the  element. 

%  -  °-’2 

v  -  5  i  18  >  •  <0.925  ♦  3.925)  •  H.750  laj/ln 

Effective  unit  mas?  of  element, 

U  v  h  7  7 

m  -  0.72  x  -'  -I--*  Vo  -  0.89  x  10  lbs-tasVin* 
e  jc • c  x  i c 

Calculate  the  natural  period  of  vibration,  T^. 

Tn  -  2n  [(89  x  I02)/652.5]1/2  -  23.2  m? 

Determine  the  response  parameter?.  (fig.  3“6Ha) 

peak  overpressure  P  -  1*J.6  x  36/2  -  266.5  lbs/in 

Peak  resistance  r^  -  433  lbs/in 

Duration  T  -  13.0  ms 

Natural  period  of  vibration,  -  23-2  ms 

P/ry  -  266.5^33  -  0. 61 M 

T/T  -  13/23.2  -  0.56 

N 
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From  Figure  3~64a . 

o  -  X  /X  <  1 
01  t 

Frcxa  Figure  3-*<9  for  T/TN  -  0. 61  i(. 


DLF  -  1.33 


Hence, 


tan  e 


1.33  x  1H. 8  x  36/2  „ 

XD - 5^3 - 0.5*13 

-  X  /(L/2)  -  0.543/48  -  0.0113 

tD 


in 


9  -  0.65*  <  2®  O.K. 


Check  ?tre??e?  at  the  connecting  point. 


o  -  My/I  -  355  x  103  x  (1.445  -  0.75)/24.88l 


-  9.900  psi  (M  -  ^xHp  -£f|fx  433  •  ^55) 


„  „„,.w  12.79  x  103  x  8  x  3/4  x  (1.445  -  0.75/2) 

T  .  VQ/Ib  - - 24.861  x  1/2 - 


5,321  pel 


2  2  1/2 

Effective  stress  at  the  section  «  (o  ♦  T  ) 


-  103  x  (9.9s  +  5.3212)1/2  -  11.239  pal  <  39,600  pel  O.K. 


Exaaple  5A-7  (b)  Design  of  a  Plate  Blast  Door  for  Pressure-Tine  Loading 

Required:  Design  a  single-leaf  door  (V-0M  x  7'-0”)  for  the  given  pressure- 

time  loading. 

Step  1.  Given: 


a.  Pressure-time  loading  [figure  *SA-7  (c)] 

b.  Design  criteria:  Door  shall  be  designed  to  contain  blast 

pressures  from  an  internal  explosion.  Gasket  and  reversal 
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,-Symm.  abt.  4 


/~® 

/  r® 


Legend « 

A  -  Steel  frame  embedded  in  concrete 

B  -  Steel  sub* frame 

C  -  Reversal-bolt  housing 

D  -  Reversal -bolt 

E  -  Blast- door  plate 

F  -  Continuous  gasket 

6  -  Continuous  bearing  block 


J*oor  configuration  and  loading.  Example  5A-7(b) 
k- 57 


figura  5A-7(o J 


I 


mechanisms  shall  be  provided*  Support  rotation  shall  be 
limited  to  3° 

c*  Structural  configuration  [see  figure  5A-7  (c ) ] 

Note: 

This  type  of  door  is  suitable  for  high  pressure  range  appli¬ 
cations, 

d.  Steel  used:  ASTM  A588 

Yield  strength,  fy  -  50  ksi  (table  5-1) 

Dynamic  Increase  factor,  c  -  1.24  (preliminary ,  table  5-2) 

Average  strength  increase  factor,  a  -  1.1  (Section  5-12.1) 

Hence,  the  dynamic  design  stress, 

-  1  .1  x  1  .2*1  x  50  -  68.2  ksi  (eq.  5-2) 

as 

Note: 

It  is  assumed,  for  the  limited  design  rotation  of  3°,  that  u 
<  10,  and,  therefore,  that  equation  5*3  does  not  govern. 

The  dynamic  design  stress  in  shear 


fdv  -  °'55  fds  -37.5 


(eq.  5-4) 


Step  2. 
Step  3. 


Assume  a  plate  thickness  of  2" 

Determine  the  elastic  and  plastic  section  moduli  (per  unit  width) 


1  (2) 

5 - 

1  (2)2 

*1 


0.667  in^/in 
1 .0  in^/in 


Step  4.  Calculate  the  design  plastic  moment,  Mp 

M  -  f  .  (S  ♦  Z)/2  -  68.2  (0.667  ♦  1.0)/2  -  56.8  tn-k/in 
p  us 

(eq.  5-7) 


Step  5.  Calculate  the  dynamic  ultimate  ?hear  capacity,  V-,  for  a  1-inch 
width. 
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Step  6. 
Example 


Step  7. 


Step  8. 

Ste^  9. 


V  -  f .  A  -  68.2  x  2  -  136.^  kips/in  (eq.  5-16) 

p  ay  w 

Evaluate  the  support  shear  and  check  the  plate  shear  capacity. 
5A-7(b) 

Assume  DLF  -  1.0  (table  5-4) 

For  simplicity,  assume  the  plate  is  a  one-way  member,  hence: 

V  -  DLF  x  P  x  L/2  -  1.0  x  1100  x  48/2  -  26,400  ibs/in 
-  26.4  kips/in 


V/V  -  26.4/136.4  -  0.194  <  0.67 
P 


(Section  5-3D 


No  reduction  in  equivalent  plastic  moment  is  necessary. 
Calculate  the  ultimate  unit  resistance,  ru. 

For  a  plate,  simply-supported  on  four  sides  (direct  load) 

,2 


r  -  5M  /X‘ 
u  p 


(table  3-2) 


where  MHf>  -  and  -  0  and 


r  -  0.35  for  £  -  1.75 


(fig.  3-17) 


thu? ,  X  -  0.35  x  12  x  7  -  29. ‘I  In 


ru  -  5  x  56.8/(29. H)  -  329  pM 


Compute  the  moment  of  Inertia,  I,  for  a  1-inch  width 
I  .  -  0.667  In'/.n 


Calculate  the  equivalent  elastic  stiffness,  Kg. 
Ke  -  r/x  -  D/7H4 


(fig.  3-36) 
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where 


y  -  0.0083  (for  H/li  -  0.57) 

D  -  El/b  (1  -  v2)  (eq.  3~33> 

D  -  29.6  x  106  x  0.667/1  (1  -  .32)  -  2.17  x  107 

Kp  -  2.17  x  107/0.0083  x  4811  -  <»92  pM/in 


Step  10.  Determine  the  equivalent  elastic  deflection,  Xg. 


Step  11. 


X  -  r  /K  -  329/^92  -  0.669  in 

ti  u  b 

Calculate  the  effective  mass  of  the  element 
a.  K^jyj  (average  elastic  and  plastic) 

-  (0.78  ♦  0. 66 )/ 2  -  0.72 


b.  Unit  mass  of  element, 


w/g  - 


2x  1  x  1  x  H90  x  10 

TT725  x  32.2  x  12 


-  1 , 469 


psl- 


ms 


in 


•B 


c.  Effective  unit  mass  of  element,  me 

2 

m  -  KIU  x  m  -  0.72  x  1,468  -  1.057  P3*""3 
e  LM  in 

Step  12.  Calculate  the  natural  period  of  vibration, 

Tn  '  2ir  (1. 057/^92) 1/2  -  9.2  m? 

Step  13.  Determine  the  door  plate  re?ponse  for: 

P/ru  -  1100/329  -  3- 31* 

T/Tn  -  1.0/9. 2  -  0.109 

C1  -  100/1100  -  0.091  (fig.  3-62,  Region  C) 


t~ 


C2  >  1000 

Us>ing  Figure  3~253. 

X/X_  -1.5 

U1  Q 

X  -  1.5  x  0.669  -  1.00  In 

CD 

Step  14.  Determine  the  support  rotation. 

6  -  tan"1  (1/2H)  -  2.39*  <  3* 


Step  15.  Evaluate  the  selection  of  tne  dynamic  increase  factor. 


1  •  Ws 


tg/T  •  1.8.  tg  -  1.8  me 


(eq.  5-1) 
(fig.  3-253) 


t  -  68.2/29.6  x  103  x  .0018  -  1.28  in. /in. /sec. 


DIF  *  1.3  (figure  5-2,  average  of  A36  and  A51*0 
Initial  selection  of  DIF  -  1.24  i 5  adequate. 

Since  the  support  rotation  criteria  has  been  satisfied  and  the 
preliminary  selection  of  the  DIF  is  acceptable,  a  2"  thick  plate 
is  used  in  design. 

Steps  15  These  steps  are  bypassed  since  the  door  plate  has  no  stiffening 
through  elements. 
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Problem  5A-8  Design  of  Doubly-Symmetrlc  Beams  Subjected  to  Inclined 

Pressure-Time  Loading 

Problem:  Design  a  purlin  or  girt  as  a  flexural  member  which  is  subjected  to 

a  transverse  pressure-time  load  acting  in  a  plane  other  than  a 
principal  plane. 

Procedure: 

Step  1.  Establish  the  design  parameters. 
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Pressure- time  load 


b.  Angle  of  Inclination  of  the  load  with  respect  to  the  vertical 
axis  of  he  section 

c.  Design  criteria:  Maximum  support  rotation  limited  to  2°. 

d.  Member  spacing,  b 

e.  Type  and  properties  of  steel  used: 

Minimum  yield  strength  for  the  section  (table  5-1) 

Dynamic  Increase  factor,  c  (table  5-2) 

Step  2.  Preliminary  sizing  of  the  beam, 

a.  Determine  the  equivalent  static  load,  w,  using  a  preliminary 
dynamic  load  factor  equal  to  1.0. 

.*.v-1.0xpxb 


Step 

3. 

Step 

u. 

Step 

5. 

Step 

6. 

Step 

7. 

Step 

8. 

Step 

9. 

Step 

10. 

b.  Using  the  appropriate  resistance  formula  from  table  3*1  and 
the  equivalent  static  load  derived  in  Step  2a,  determine  the 
required  Mp. 

c.  Determine  the  required  section  properties  using  equation  5" 
7.  Select  a  larger  section  since  the  member  is  subjected  to 
unsymmetri cal  bendi ng. 

Note  that  for  a  load  inclination  of  10°,  it  is  necessary  to 
increase  the  required  average  section  modulus,  (1/2)  (S  ♦  Z), 
by  *40  percent. 

Check  local  buckling  of  the  member  (Section  5-2*0. 

Calculate  the  inclination  of  the  neutral  axis  (equation  5-2*0. 

Calculate  the  elastic  and  plastic  section  moduli  of  the  section 
(equation  5-25). 

Compute  the  design  plastic  moment,  Mp,  (equation  5-6). 

Calculate  ultimate  unit  resistance,  ru,  cf  the  member. 

Calculate  elastic  deflection,  6  (Section  5-32.3). 

Determine  the  equivalent  elastic  unit  stiffness,  K£,  of  the  beam 
section  using  <5  from  Step  8. 

Compute  the  equivalent  elastic  deflection,  X£,  of  the  membc.  as 


given  by  XE  -  ru/KE. 
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Step  11.  Determine  the  load-mas?  factor,  X^M,  and  obtain  the  effective  unit 


Step  12. 
Step  13* 

Step  14. 


mass,  me,  of  the  element. 


Evaluate  the  natural  period  of  vibration,  T^. 

Determine  the  dynamic  response  of  the  beam.  Evaluate  P/ru  arJ 
T/T^,  using  the  response  chart?  of  Volume  III  to  obtain  Xra/XE  and 
0.  Compare  with  criteria. 

Determine  the  ultimate  dynamic  shear  capacity,  V^,  (equation  5-16) 
and  maximum  support  shear,  V,  using  Table  3-9  an<  check  adequacy. 


Example  5A-8  Design  en  I -Shaped  Beam  for  Unsyometrical  Bending  Due  to 
Inclined  Pressure-Time  Loading 


Required: 


Step  1 


Step  2. 


Design  a  simply-supported  I-shaped  beam  subjected  to  a  pressure- 
time  loading  acting  at  an  angle  of  10°  with  respect  to  the 
principal  vertical  plane  of  the  beam.  This  beam  is  pert  of  a 
structure  designed  to  protect  personnel. 


Given: 

Pressure-time  loading  [figure  5A-3  (a)] 


a. 

b. 

c. 

d. 


Design  criteria:  The  structure  is  to  be  designed  for  more 
than  one  "shot."  A  maximum  end  rotation  -  1°,  is  therefore 
assigned 

Structural  configuration  [figure  5A-3(a)] 

Steel  used:  A36 

Yield  strength,  fy  -  36  ksi  (table  5-1) 

Dynamic  increase  factor,  c  -  1.29  (table  5-2) 


Average  yield  strength  increase  factor,  a 

12.1) 


1 . 1  (Section  5- 


Dynamic  design  strength,  fd?  -  1 . 1  x  1 . 29  x  36  -  51 .  1  ksi 
(equation  5-2) 

Dynamic  yielding  stress  in  shear,  f^y  -  0.55  fd5  •  0.55  x 
51.1  -  28.1  ksi  (equation  5-4) 

Modulus  of  elasticity,  E  -  29.000,000  psi 

Preliminary  sizing  of  the  member. 

a.  Determine  equivalent  static  load. 
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Select  DLF  -  1.25 


(Section  5-22.3) 


w  -  1.25  x  H.5  x  H.5  x  1M/1.000  -  3.65  k/ft 


19’ -0* 


w  a  4.8  pet 

(•*clud->g  beont  weigt  ) 

A" - ."1 


V 


TRANSVERSE 

LOAD 


X 


Spacing  :  b  =  4.5' 


0  =10° 


Figure  5A-8  (a)  Beam  conf i guration  and  loading.  Example  5A-8 


b.  Determine  minimum  required  Mp 

M  -  (wL2)/8  -  (3.65  x  192)/e  -  165  k-ft  (table  3"1) 
P 

c.  Selection  of  a  member. 

For  a  load  acting  in  the  plane  or  the  web, 

(S  ♦  Z)  -  2M  /fM  -  '2  x  165  x  12)/5M  (eq.  5-7> 

P  05 

(S  *  2)  -  77.5  in3 


(S  *  2)  required  *  1.4  x  77.5  •  109  in2 


Step  3. 


Step  4. 


Step  5. 


Try  W14  x  38,  Sx  -  54.6  In3,  Zx  -  61.5  in3 

(S  ♦  Z)  -  116.1  In3,  I  -  385  in*1 

I  -  26.7  in'1 

Check  against  local  buckling. 

For  W’4  x  38, 


1.4  x  £-)  -  68.66  O.K. 

y 

(eq.  5-17) 
(Section  5-2JO 

Inclination  of  elastic  and  plastic  neutral  axes  with  respect  to 
the  x-axis. 

tan  a  -  (I  /I  )  tan  <*  -  (385/26.7)  tan  10°  -  2.5^6  (eq.  5-2*1) 

x  y 

a  -  68.5° 

Calculate  the  equivalent  elastic  section  modulus. 

S  -  (S  S  ) / ( S  cos$  ♦  S  sin*) 
x  y  y  a 

S  -  54.6  in3,  S  -  7.88  in3,  <f>  -  10" 

*  y 

Sin  10#  -  0.174,  cos  10s  -  0.985 

S  -  (54.6)  (7.88)/(7.88  x  0.985  *  54.7  x  0.174)  -  24.9  in3 


r  ■ M5-5  <  ~Jni72  (1 

w  (36)1/Z 


bf/2tf  -  6.6  <  8.5  O.K. 


Calculate  the  pla?tic  section  modulus,  Z. 

Z  -  Am,  ♦  Afm_  (eq.  5-6) 

Cl  t  7. 

A  -  A  -  A/2  -  11.2/2  -  5.6  in2 
c  t 
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Let  y  be  the  distance  of  the  c.g.  of  the  area  of  cross-section  in 
compression  from  origin  as  shown  In  Figure  5A-8  (b). 


-  1  re  ~  /I  ^.10 

y  -  [6.770  x  0.515  x  ( — - — 


0.51  5x 
2  ' 


♦  |  (14.10  -  2  x  0.515)  X  0.310 
x  i  -  0.515)]  -  5.42  Inches* 

ta^  -  -  7  sin  a  -  5*42  sin  68°  30'  -  5.05  inches 

Z  -  2A  m,  -  11.2  x  5.05  -  56.5  In3 

C  1 


Figure  5A-8  (b)  Loading  on  beam  section,  Example  5A 


Step  6.  Determine  design  plastic  moment,  Mp* 

M  -  f  .  (S  ♦  Z)/2  -  51.1(24.9  ♦  56. 5)/2 
p  ds 


8 


(eq.  5-7) 
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51.1  x  i«0.7  -  2,080  in-klps 


Step  7. 


Step  8. 


Step  9. 


Step  10. 


Calculate  ultimate  unit  resistance,  r  . 

ru  -  8Mp/L2  -  (8)  (2,080)  (1,000)/(19  x  1 2) 2  -  320  lbs/in 

(table  3-1) 


Compute  elastic  deflection,  6. 

6  -  [(62  ♦  52)]172  (Section  5-32.3) 

^  J 

r  t  u 
_  5wcos$L 

4y  '  “3Si<Ei7 

l| 

5wsln+L, 
sx  '  38^EIy 

w  -  equivalent  static  load  ♦  dead  load 

-  2.92  +  (t|’8  *  0(j|^~~~  kiP?/rt  “  2-94  kiP?/ft 

r (Swsln^L*1)2  (Swcos^L^)2  i1/2 

6  "  1  38HEI  ~  38DEI  1 

J  * 

t} 

‘  3M00E  f(c-652)2  *  (0.256)2]1/2  -  2.08  inches 


Calculate  the  equivalent  elastic  unit  stiffness,  Kg.. 


IS  ../e  2.9^  X  1,000  X  1  1  1  Q 

KE  -  W/5  ‘  T2T-E085 -  117'8  lt>?/in 


(Get  w  from  Step  8) 

Determine  the  equivalent  elastic  deflection,  Xg* 


XE  _  ru/KE  "  320/117.8  -  2.72  inches 
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Step  11. 


Step  12. 


Step  13. 


Calculate  the  effective  mass  of  the  element,  me. 
a.  Load-mas?  factor,  Ky^  (table  3-12) 

Klm  (average  elastic  and  plastic) 

-  (0.78  «•  Q.66)/2  -  0.72 


b.  Unit  mass  of  element,  a; 


*/g 


[(^.5  X  4.6)  -  38]  X  106  .  6  4  2  2 

3 2.2  x  12  x  12 


c.  Effective  unit  mass  of  element,  me 

a>e  -  KTMm  -  0.72  x  1.286  x  10**  -  0.93  x  1 0^  lb?-n52/ln2 


Calculate  the  natural  period  of  vibration,  T^. 


Tn  -  2*  [(93  X  102)/117.8]'/2 

Determine  the  beam  response. 
Peak  overpressure 
Peak  resistance 
Duration 

Natural  period  of  vibration, 
P/ru  -  2*13/320  -  0.76 
T/Tm  -  20/55.8  -  0.358 

N 

From  figure  3~6*ia 


■  55.8  ms  (Section  5-22.2) 

P  -  *1.5  x  *1.5  x  12  -  2*43  lbs/in 
ru  -  320  lbs/in 
T  -  20  ms 
-  55.8  ms 


X  /X,, 
m  E 


<  1 


From  figure  3~*49,  for  T/TN  -  0.358, 
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DLF  -  0.97 


Step  1«. 


Hence,  \  -  0.97  x  4.5  x  4.5  x  12/117.8  -  2.0  In 
Find  end  rotation,  8. 

tan  8  -  X  / (L/2)  -  2.0/[(19  x  1 2)/2 1  -  0.0175 

Q 

e  -  i.o*  o.k. 

Calculate  the  dynamic  ultimate  ?hear  capacity,  Vp,  ar.d  check  for 
adequacy. 

V  f  .  A  -  28.1  (14.10  -  2  x  0.515)  (0.310)  -  113-9  kip? 
p  dv  w 

(eq.  5-16) 

V  -  DLF  x  P  x  b  x  L/2 

-  0.97  x  4.5  x  4.5  x  19  x  144/(2  x  1,000) 

-  26.9  kip?  <  89.2  kip?  <  Vp  O.K.  (Table  3"9) 
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LIST  OF  SYMBOLS 


a  yield  stress  increase  factor 

A  Area  of  cross-section  (in2) 

Ab  Area  of  bracing  member  (in2) 

Ac  Area  of  cross-section  in  compression  (in2) 

At  Area  of  cross-section  in  tension  (in2) 

Aw  Web  area  (in2) 

b  Width  of  tributary  loaded  area  (ft) 

bf  Flange  width  (in) 

bh  Tributary  width  for  horizontal  loading  (ft) 

by  Tributary  width  for  vertical  loading  (ft) 

ctDIF  (1)  Dynamic  increase  factor 

c  (2)  Distance  from  neutral  axis  to  extreme  fiber  of  cross-section 

in  flexure  (in) 

C#C.  Coefficients  indicating  relative  column  to  girder  moment  capacity 

(Section  5-42. 1) 

Bending  coefficient  defined  in  Section  1.5. 1.4.5  of  the  AISC 
Specification 

Cc  Colunn  slenderness  ratio  indicating  the  transition  from  elastic  to 

inelastic  buckling 

CmxlCmy  Coefficients  applied  to  the  bending  terms  in  interaction  formula 
UISC  Specification  Section  1.6.1) 

C2  Coefficient  in  approximate  expression  for  sidesway  stiffness 

factor  (table  5-14) 

D  Coefficient  indicating  relative  girder  to  column  stiffness  (table 

5-14) 

DLF  Dynamic  load  factor 

d  (1 )  Web  depth  (in) 

(2)  Diameter  of  cylindrical  portion  of  fragment,  in. 

E  Young’s  modulus  of  elasticity  (psi) 

f  (1)  Maximum  bending  stress  (psi) 
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1  ds 
fdv 
fdu 
fdy 

P»  p* 

rex,rcy 


F5 

r, 


ca 


L20 


L 

kLM 


K, 


M 


LIST  OP  SYMBOLS  (Continued) 

(2)  Shape  factor,  S/Z 

Axial  st re??  permitted  in  the  absence  of  bending  moment  from 
Section  5-37.3  (psi) 

Bending  stress  permitted  in  the  absence  of  axial  force  (psi) 

Web  buckling  stress  (psi) 

Maximum  dynamic  design  stress  for  connections  (psi) 

Dynamic  design  stress  for  bending,  tension  and  compression  (psi) 
Dynamic  yielding  shear  stress  (psi) 

Dynamic  ultimate  stress  (psi) 

Dynamic  yield  stress  (psi) 

Euler  buckling  stresses  divided  by  safety  factor  (psi) 

Horizontal  component  of  force  in  bracing  member  (lb) 

Allowable  static  design  stress  for  connections  (psi) 

Ultimate  tensile  stress  (psi) 

Minimum  static  yield  stress  (psi) 

Acceleration  due  to  gravity  (386  in/sec2) 

Story  height  (ft) 

Web  depth  for  cold-formed,  light  gauge  steel  panel  sections  (in) 
Moment  of  inertia  (in14) 

Average  column  moment  of  inertia  for  single-story  multi-bay  frame 
(in11) 

Effective  moment  of  inertia  for  cold-formed  section  at  a  service 
stress  of  20  ksl  (in44  per  foot  width) 

Moment  of  inertia  about  the  x-axis  (in14) 

Moment  of  inertia  about  the  y-axis  (in14) 

(1)  Effective  length  factor  for  a  compression  member 

(2)  Stiffness  factor  for  rigid  single-story ,  multi-bay  frame  from 
table  5-1** 

Horizontal  stiffness  of  diagonal  bracing  (lb/ft) 

Equivalent  elastic  stiffness  (lb/in  or  psi/in) 

Load  factor 
Load-mass  factor 
Mass  factor 

(1)  Span  length  (ft  or  in) 
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LIST  OF  SYMBOLS  (Continued) 


1 


l/r 

*b 

*cr 

Me 

Mmx.Mmy 


M 

M 


P 
1  • 


Mpx,Mpy 

Mpu 

Mup 


un 


m 


m1 

m2 

N 

n 

P 


P  P 
rex,rey 


P 

P 


y 

h 


(2)  Frame  bay  width  (ft) 

Distance  between  cross-section  braced  against  twist  or  lateral 
displacement  of  compression  flange  or  distance  between  points  of 
lateral  support  for  beams  or  columns 

Slenderness  ratio 

Actual  unbraced  length  in  the  plane  of  bending  (in) 

Critical  unbraced  length  (in) 

Total  effective  mass  (lb-ms2/in) 

Moments  about  the  x-  and  y-axis  that  can  be  resisted  by  member  in 
the  absence  of  axial  load 

Design  plastic  moment  capacity 

Design  plastic  moment  capacities  (figures  5-6  and  5-10) 

Plastic  bending  moment  capacities  about  the  x-  and  y-axes 
Ultimate  dynamic  moment  capacity 

Ultimate  positive  moment  capacity  for  unit  width  of  panel 
Ultimate  negative  moment  capacity  for  unit  width  of  panel 
Moment  corresponding  to  first  yield 

(1)  Unit  mass  of  panel  (psi-ms2/in) 

(2)  Number  of  braced  bays  in  multi-bay  frame 
Effective  unit  mass  (psi-ms2/in) 

Distance  from  plastic  neutral  axis  to  the  centroid  of  the  area  in 
compression  in  a  f ully-plasti c  section  (in) 

Distance  from  plastic  neutral  axis  to  the  centroid  of  the  area  in 
tension  in  a  fully  plastic  section  (in) 

Bearing  length  at  support  for  cold-formed  steel  panel  (in) 

N^miber  of  bays  in  multi-bay  frame 

(1)  Applied  compressive  load  (lb) 

(2)  Peak  pressure  of  equivalent  triangular  loading  function,  (psi) 
[when  used  with  ru],  or  peak  total  blast  load  (lb)  [when  used 

with  Ry]. 

Euler  buckling  loads  about  the  x-  and  y-axes 
Ultimate  capacity  for  dynamic  axial  load,  Afdy  (lb) 

Ultimate  axial  compressive  load  (lb) 

Ultimate  capacity  for  static  axial  load  Afy  (lb) 

Reflected  blast  pressure  on  front  wall  (psi) 
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LIST  OF  SYMBOLS  (Continued) 


Blast  overpressure  on  roof  (psi) 

Ultimate  support  capacity  (lb) 

peak  horizontal  load  on  rigid  frame  (Ib/ft) 

Peak  vertical  load  on  rigid  frame  (lb/ft) 

Equivalent  total  horizontal  static  load  on  frame  (lb) 
Ultimate  total  flexural  resistance  (lb) 

Radius  of  gyration  of  bracing  member  (in) 

Radius  of  gyration,  equation  5-22  (in) 

Ultimate  unit  flexural  resistance  (psi) 

Radii  of  gyration  about  the  x-  and  y-axes  (in) 

Required  resistance  for  elastic  behavior  in  rebound  (psi) 
Elastic  section  modulus  (in^) 

Elastic  section  modulus  about  the  x-  and  y-axes  (in^) 


Ef feet i ve  section 

moments  (in^) 

modulus 

of 

cold-formed 

section 

for 

posi ti ve 

Effective  section 

modulus 

of 

cold-formed 

section 

for 

negati ve 

moments  (in^) 

Load  duration  (sec) 

Natural  period  of  vibration  (sec) 

(1)  Thickness  of  plate  element  (in) 

(2)  Thicknes  of  panel  section  (in) 

Time  to  yield  (sec) 

Flange  thickness  (in) 

Time  to  maximum  response  (sec) 

Web  thickness  (in) 

Support  shear  (lo) 

Ultimate  shear  capacity  (lb) 

Residual  velocity  of  fragment  (fps) 

Striking  velocity  of  fragments,  (fps) 

Critical  perforation  velocity  of  fragment  (fps) 
Total  weight  (lb) 

Total  concentrated  load  (lb) 

External  work  (lb-in) 


LIST  OF  SYMBOLS  (Continued) 


Fragment  weight  (02.) 

Internal  work  (lb-in) 

(1)  Flat  width  of  plate  element  (in) 

(2)  Load  per  unit  area  (psi) 

(3)  Load  per  unit  length  (lb/ft) 

Deflection  at  design  ductility  ratio  (figure  5—1 2) 

Equivalent  elastic  deflection  (in) 

Maximum  deflection  (in) 

Depth  of  penetration  of  steel  fragment?  (in) 

Plastic  section  modulus  (in^) 

Plastic  section  moduli  about  the  x-  and  y-axe?  (in^) 

(1)  Angle  between  the  horizontal  principal  plane  of  the  cross- 
section  and  the  neutral  axis  (deg) 

(2)  Ratio  of  horizontal  to  vertical  loading  on  a  frame 

(1)  Base  fixity  factor  (table  5-1*0 

(2)  Support  condition  coefficient  (Section  5—3^- 3) 

(3)  Critical  length  for  bracing  correction  factor  (Section  5-26.3) 
Angle  between  bracing  member  and  a  horizontal  plane  (deg) 

(1)  Total  transverse  elastic  deflection  (in) 

(2)  Lateral  isidesway)  deflection  (in) 

Strain  (in/in) 

Average  strain  rate  (tn/in/sec) 

(1)  Member  end  rotation  (deg) 

(2)  Plastic  hinge  rotation  (deg) 

Maximum  permitted  member  end  rotation 
Ductility  ratio 

Maximum  permitted  ductility  ratio 

Angle  between  the  plane  of  the  load  and  the  vertical  principal 
plane  of  the  cross-section  (deg) 
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Radford,  VA  24N1-0298 

Commander 

Lone  Star  Army  Ammunition  Plant 
ATTN:  SMCLS-SF 

Texarkana,  TX  75505-9101 

Commander 

Longhorn  Army  Ammunition  Plant 
ATTN:  SMCLO-SF 

Marshall,  TX  75670-1059 

Commander 

Lake  City  Army  Ammunition  Plant 
ATTN:  SMCLC-SF 

Independence,  MO  64051-0330 

Commander 

Sunflower  Array  Ammunition  Plant 
ATTN:  SMCSU-SF 
DeSoto,  KS  66018-0640 

Commander 

Badger  Army  Ammunition  Plant 
ATTN:  SMCEA-SF 
Baraboo,  WI  53913-5000 

Commander 

Holston  Army  Ammunition  Plant 
ATTN :  SMCHO-SF 
Kingsport,  TN  37662-9982 


Commander 

Indiana  Army  Ammunition  Plant 
ATTN:  SMCIN-SF 
Charlestown,  IN  47111-9667 

Commander 

U.S.  Army  Production  Base  Modernization 
Agency 

ATTN:  AMSMC-PBL-A  (D) 

Picatinny  Arsenal,  NJ  07806-5000 

Commander 

Pine  Bluff  Arsenal 

ATTN:  AMCPB-SF 

Pine  Bluff,  AR  71602-9500 

Commander 

Crane  Army  Ammunition  Activity 
ATTN:  SMCCN-SF 

Crane,  IN  47522-5099 

Commander 

U.S.  Army  Construction  Engineering 
Research  Laboratory 
P.0.  Box  4005  (2) 

Champaign,  IL  61820 

Commander 

U.S.  Army  Cold  Regions  Research 
and  Engineering  Laboratory 
P.O.  Box  282  (2) 

Hanover,  NH  03755 

Commander 

U.S.  Army  Engineer  Waterways 
Experiment  Station 
ATTN:  Library,  Helen  Ingram  (2) 

P.O.  Box  631 

Vicksburg,  MS  39180-0631 
Commander 

Naval  Facilities  Engineering  Command 
ATTN:  Code  FPO-3A,  Room  12N57  (20) 

200  Stovall  Street 
Alexandria,  VA  22332 

Commanding  Officer 

Naval  Civil  Engineering  Laboratory 

ATTN:  Code  L51,  W.  Keenan  (15) 

Port  Huenerae,  CA  93043 
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Chief  of  Naval  Operations 
Department  of  the  Navy 
ATTN:  NOP-41 IF 
Washington,  DC  20350 

Commander 

Naval  Sea  Systems  Command 
ATTN:  SEA-06H1 

Naval  Sea  Systems  Command  Headquarters 
Washington,  DC  20362 

Commander 

David  W.  Taylor  Naval  Ship 

Research  and  Development  Center 
Bethesda,  MD  20084 

Commander 

Naval  Surface  Weapons  Center 
ATTN:  F10  (J.  Pioctor) 

R12  (W.  Filler) 

R15  (J-  Connor) 

R15  (M.  Swisdak) 

White  Oak  Laboratory 
Silver  Spring,  MD  20910 

Facilities  and  Maintenance  Branch 

Department  of  Energy 

Albuquerque  Operations 

Amarillo  Area  Office 

ATTN:  Mr*  L.M.  Pardee,  Chief  (5) 

P.0.  Box  30030 
Amarillo,  TX  79120 

Department  of  Energy 
Facilities  and  Construction 
Maintenance  Division 
Albuquerque  Opeations 
ATTN:  Mr.  Manuel  G.  Martinez  (5) 

P.0.  Box  5400 
Albuquerque,  NM  87115 

AFESC/RDC 

ATTN:  W.C.  Buchholtz  (5) 

Tyndall  AFB,  FL  30403 

Aramann  &  Whitney  Consulting  Engineers 
ATTN:  N.  Dobbs  (5) 

96  Morton  Street 
New  York,  NY  10014 
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Southwest  Research  Institute 
ATTN:  Mark.  G.  Whitney  (5) 
p.O.  Drawer  28510. 

6220  Culebra  Road 
San  Antonio,  TX  78284 

Wilfred  Baker  Engineering 
218  E.  Edgewood  Place  (5) 

San  Antonio,  TX  78209 

Illinois  Institute  of  Technology 
Research  Institute 
ATTN:  H.S.  Napadensky 
10  West  35th  Street 
Chicago,  IL  60616 

Defense  Contract  Administration 
Service  Management  Area, 

Dayton  (DCASR-CLE-GDQ) 

ATTN:  Bill  Loser 
Dayton,  OH  45444 

AFATL/DLYV 

ATTN:  Mr.  Ralph  McGuire 

Eglin  AFB,  FL  32542 

USAED,  Europe 
EUDAI>-TA 

ATTN:  Roger  Crowson  (2) 

AP0  New  York  09757 

DCSAR,  Cleveland 
ATTN:  DCSAR- CLE—QS  (4) 

1240  Cast  9th  Street 
Cleveland,  OH  44135 

Officer  in  Charge 
White  Oak  Lab 

Naval  Surface  Weapons  Center  Detachment 
ATTN:  Robert  Hutcheson,  Code  12 

1091  New  Hamphsire  Avenue 
Silver  Spring,  MD  20903-5000 

HQ  USAF/LEEE 

ATTN:  Satish  Abrol  (5) 

Bldg  516 
Bolling  AFB 

Washington,  DC  20332-5000 
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Department  of  the  Navy 
Atlantic  Division 

Naval  Facilities  Engineering  Command 
Code  402,  Owen  Hewitt 
Norfolk,  VA  23511-6287 

DCSAR  N-l-QSS 

ATTN:  Richard  Castell 

201  Varick  Street 

New  York,  NY  10014-4811 

Commander 

U.S.  Army  Engineer  District/Fort  Worth 
ATTN:  SWFED-M  (Hr.  Jose  Munoz)  (2) 

P.0.  Box  17300 
Fort  Worth,  TX  76102-0300 

BMO/AWS 

ATTN:  Mr.  J.  Campbell 
Building  624/420 
Norton  AFB ,  CA  92402 

Commander 

U.S.  Army  Engineer  District /Sacramento 
ATTN:  SPKED-M  (Mr.  Thomas  Rudd)  (2) 
650  Capitcl  Mall 
Sacramento,  CA  95814-4794 


